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SUMMARY
This report presents the results of an extensive experi-
mental investigation of the in-line and transverse forces act-
ing on smooth, sand-roughened, and marine-roughened circular
cylinders (k/D = 1/50) of identical length-to-diameter ratio
(L/D = 2) placed in a sinusoidally oscillating flow. The drag,
inertia, and the maximum force coefficients have been deter-
mined through the use of the Fourier analysis. The transverse
force (lift) has been analysed in terms of its root-mean-square
value. In addition, the amplitude of the first ten harmonics
have been determined.
The results have shown that:
1. The smooth-cylinder data presented herein agree quite
well with those presented by Sarpkaya [1,2] in 1976 and by
Rodenbusch and Gutierrez [7] in 1983;
2. Bearman et al.'s [11] drag coefficients are somewhat
lower in the range of comparison (i.e., for K < 20) than those
of Rodenbusch and Gutierrez [7];
3. The drag, inertia, and the maximum force coefficients
for smooth cylinders are at best a very weak function of the
Reynolds number (Re) for Re larger than about 100,000;
4. The rms value of the lift coefficient for smooth cyl-
inders reaches a peak value of about 1.6. For Keulegan-
Carpenter numbers (K) larger than about 13, the dependence of
CLrms on ^ (
= Re/R ) decreases rapidly with increasing 3;
5. The analysis of the amplitude of the first ten harmon-
ics of the lift force for smooth cylinders has shown that all
harmonics are present, to varying degrees of importance, in the
lift force. However, the second and fourth harmonics dominate
the drag-inertia dominated regime. The amplitude of all har-
monics, with the exception of the second and the fourth,
decreases rapidly with increasing $;
6. For rough cylinders (k/D = 1/50), the drag and inertia
coefficients become independent of $ or of the Reynolds number
for 3 larger than about 4000;
7. The drag coefficient exhibits pronounced secondary
peaks in the neighborhood of K = 17, 24, and 32. These are
directly related to the harmonics of the lift force;
8. The rough-cylinder data presented herein agree quite
well with those reported by Sarpkaya [2] in 1976 and show that
the effect of roughness, particularly on the drag coefficient,
is indeed very profound. The rough-cylinder drag-coefficient
data of Rodenbusch and Gutierrez [7] are somewhat lower than
those obtained in the present investigation. Their inertia
coefficients for K > 12 are somewhat larger. The reasons for
these differences are not clear. However, the facts, presented
herein show that they are not attributable either to the dif-
ferences in 3 or to the blockage effects in the U-tunnel;
9. The maximum force coefficient does not depend on
either the relative roughness or $ for K < 7;
10. The rms value of the lift coefficient reaches a peak
value of about 1.8 and is practically independent of $ . The
secondary oscillations in the rms value of the lift coefficient
occur at K = 17, 24, 32, and 41. These are the same K values
at which similar oscillations with relatively smaller ampli-
tudes occur in the drag coefficient;
11. The analysis of the harmonics of the lift force for
rough cylinders shows that all harmonics, with the exception of
the second, are of the same order of magnitude. In the drag-
inertia dominated regime, primarily the second harmonic and to
a lesser but equal extent the first, third, and fourth harmon-
ics dominate the lift. The third and fifth harmonics in the
neighborhood of K = 17; the fourth, sixth, and eight harmonics
in the vicinity of K = 24; and the fifth and seventh harmonics
in the neighborhood of K = 32 dominate the lift force.
12. The use of relatively short test cylinders with
identical length-to-diameter ratio (L/D = 2) brought into
sharper focus the variation of all force coefficients and
effectively removed the ambiguities associated with the use of
test cylinders with different L/D ratios.
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I . INTRODUCTION
In 1976, Sarpkaya [1,2]T reported the results of a compre-
hensive series of experiments with a sinusoidally oscillating
planar flow about smooth and rough cylinders and introduced the
parameter 3 (= Re/K = D 2/vT) into the analysis of separated
time-dependent flows . His data and his re-analysis of the
Keulegan-Carpenter data, through the use of 3 , demonstrated
clearly the dependence of the force-transfer coefficients
(lift, drag and inertia) on the Reynolds number, Keulegan-
Carpenter number, and the relative roughness. During the past
ten years, these data have stimulated a great deal of research
activity and gave rise to a number of questions: Are these data
applicable to the design of offshore structures; what is the
effect of the orbital motion of the fluid particles; do the
data apply to horizontal cylinders; why are the drag coeffi-
cients for rough cylinders so large; are there blockage ef-
fects; do the in-line and transverse forces vary significantly
from cycle to cycle; what is the effect of the spanwise coher-
ence; does Morison's equation hold true for all values of K (=
2tta/D = UmT/D) , (first introduced by Schlichting [3] in 1932)
and Re (= UmD/v); why is the added mass coefficient sometimes
negative; what happens at very low K values, etc.? These
T A complete list of references is given on page 47.
3 has been used previously in connection with the analy-
sis of unseparated oscillating flows (see e.g., [3]).
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questions were in general valid and required a great deal of
additional research for their clarification and resolution (see
Sarpkaya and Isaacson [4] for additional details) .
A number of projects have been undertaken, both in the
laboratory and the field, since 1976. A large scale experiment
(Ocean Test Structure experiments, referred to hereafter as the
OTS tests) was undertaken by Exxon Production Research Company
to evaluate the then present (1979) wave force calculation
procedures for fixed, space-frame structures [5], The Reynolds
numbers and Keulegan-Carpenter numbers encountered in the OTS
tests were somewhat less than those used in extreme wave de-
sign. As with all field experiments, the environmental condi-
tions (wave and current kinematics) could not be specified with
great precision for the OTS tests so that some conditions of
interest were not observed. The force coefficients exhibited
large scatter particularly for K < 20. The scatter decreased
considerably in the range 20 < K < 45. The drag coefficients
were significantly larger than those previously observed in the
field, especially for barnacle-covered cylinders. Heideman,
Olsen, and Johansson [5] attributed the scatter in the drag and
inertia coefficients to random wake encounters with the current
meters. They have concluded that Morison's equation with con-
stant coefficients can be made to fit measured local forces and
kinematics satisfactorily over individual half wave cycles and
that most of the scatter in the drag coefficient can be ex-
plained by the random-wake-encounter concept. Another major
12
field investigation is that conducted at the Christchurch Bay
(CB) by the National Maritime Institute of England. The wave
force data obtained from the CB tower have been analyzed by
Bishop [6] through the use of a mean-square method.
For the depth station nearest to the sea surface, Bishop
found: Cm = 1.8 and C^ = 0.66 for K > 30, increasing C^ and Cm
with decreasing K in the range 5 < K < 30, and Cm = 2 for K <5.
Bishop noted that C^ and Cm exhibited considerable variation in
the range 5 < K < 15. The reasons offered for this variation
were: (i) even the shortest averaging period (40 seconds) was
long enough to average out the variations of the force coeffi-
cients caused by vortex shedding and wake return, and (ii) the
effect of the tidal current acting in conjunction with the
vortex shedding in the mid K range. Bishop attributed the low
variability of the force coefficients at high K values as a
proof of the validity of a simple superposition of the current
component to the wave particle velocity.
The CB tower study has demonstrated once again, like the
great many other ocean-based experiments before it, that it is
possible to obtain force coefficients which will be valuable
for the design of structures but it would not be possible to
isolate and interpret the significance of various major parame-
ters on the force coefficients. Clearly, it is necessary to
treat the two types of studies (laboratory and ocean) with
respect to their ultimate objectives. The laboratory experi-
ments are for the purpose of understanding the underlying
13
mechanisms, whereas the ocean experiments are utilitarian in
character and the force coefficients derived from them reflect
the combined effect of all the influences including the short-
comings of the speculative generalizations of the MOJS equa-
tion.
In 1983, Rodenbusch and Gutierrez [7] reported the results
of a joint industry study, carried out in the Maritime Dynamics
Laboratory of the Swedish Maritime Research Center (SSPA) . A
circular cylinder of 1 meter nominal diameter and 3 m long was
subjected to various types of forced oscillations in a large
basin. A circular plate 5 m in diameter was attached to the
top of the test cylinder to promote two-dimensional flow about
the cylinder by reducing the effect of the free-surface distur-
bances. The plate served this purpose quite well at low
speeds. But "at speeds above 2 m/s , the flow over the top of
the plate produced a drop in the water level near the trailing
edge so that the water flowing out from under the plate pro-
duced a noticeable stern wave" [8,9] . Forces acting on the
central 1 m section were used to deduce the force-transfer
coefficients. For rough cylinder tests, the surface was cov-
ered uniformly with approximately 6000 roughness elements. The
individual roughness elements were right conical frusta of 2 cm
height (k/D = 0.02) with 1.5 cm top diameter and 3 cm bottom
diameter. The roughnesses were located on 4 cm centers in
horizontal rows, with each row offset by 2 cm and separated by
3.5 cm. The cylinder diameter was assumed to be 1.04 m, i.e.,
14
[D (rough) = D (smooth) + 2k] in the calculation of the force
coefficients through the use of Morison's equation. The force
coefficients obtained in the SSPA tests, with planar sinusoidal
motion of the cylinder, were compared by Sarpkaya [10] with
those obtained in a sinusoidally oscillating flow about smooth
and rough cylinders [1,2], Rodenbusch and Kallstrom [8] and
Rodenbusch [9] presented the data obtained in simulated random
two-dimensional flows and described a model for the calculation
of wave loads on pile template offshore platforms in random
directional waves.
In 1985, Bearman, Chaplin, Graham, Kostense, Hall, and
Klopman [11] described the results obtained from the measure-
ment of in-line and transverse forces on a small element of a
vertical and horizontal cylinder in waves at Keulegan-Carpenter
numbers up to 20 and Reynolds numbers up to 5 x 10 . The drag
and inertia coefficients showed no obvious dependence on Re and $
in the range 4 < K < 20, 1.46 x 10 5 < Re < 5.05 x 10 5 , 2 x 10 4
< 6 < 5.49 x 10 4 , and 0.11 < e < 0.65 where the ellipticity e
is defined as the ratio of rms vertical velocity to rms hori-
zontal velocity.
A number of other investigations either with oscillating
cylinders in an initially still water or with stationary cyl-
inders in wave flumes have been conducted. A critical discus-
sion of these is presented by Hogben, Miller, Searle, and Ward
[12] , Sarpkaya and Isaacson [4] , Sarpkaya and Collins [13] , Lin
and Nath [14] and by Sarpkaya [10,16,17] and will not be re-
peated here for sake of brevity.
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The degree of spanwise correlation of the wave forces on
slender structures has been of special concern for a number of
reasons: the interpretation of the data obtained from the mea-
surement of total forces (vice sectional forces) , the under-
standing of the reasons for the stochastic behavior of the
transverse force, the determination of the hydroelastic re-
sponse of risers, cables, etc.
In the studies cited above, the length-to-diameter ratio
(L/D) of the force-sensing element was as follows:






Bearman et al . [11]
Present study
Tvoe of motion L/D
Planar sinusoidal 5 .55-18
Ocean waves 0.5





T0rum and Reed [18] studied the spanwise correlation of
transverse forces at different elevations on a pile due to
waves in a model basin. The results have shown that the trans-
verse force is very irregular at a given elevation and that at
any probability level, the force peak distribution of different
combinations of individual force histories yields a force
smaller than the sum of the individual force distributions,
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i.e., there are significant amplitude and phase modulations in
velocity and pressure along the cylinder. This is in part due
to variations in both the strength and frequency of vortex
segments along the cylinder and in part due to the phase shifts
between various sections along the vortex, separated by a cor-
relation length (the equivalent length over which the velocity
fluctuations at similar points in the wake may be described as
perfectly correlated)
.
II. OSCILLATING PLOW SYSTEM
A. U-SHAPED WATER TUNNEL AND ITS EVOLUTION
A U-shaped water tunnel is used to study the time-depen-
dent resistance on various types of bluff bodies. The tunnel
consists of thirteen modules to facilitate construction, trans-
portation and assembly. Each module is made of 3/8 inch alumi-
num plates which are reinforced with 1/2 in. x 4 in. x 22 in.
aluminum flanges welded to the plates. The modules were assem-
bled using an air drying silicon-rubber seal between the module
frames. The flanges were held together with one inch steel
bolts spaced six inches apart. The interior of each module was
precision machined so that the largest misalignment was approx-
imately 0.04 inches. Figure 1 is a sketch showing the front
view of the tunnel exterior.
The inside cross-section of the two vertical tunnel legs
is 6 ft x 3 ft. and that of the horizontal section is 4.67 ft x
3 ft. The size of these areas is dictated by such conditions
17
as the available ceiling height, pressures to be encountered,
amplitude and period of the oscillations, desired range of
Reynolds and Keulegan-Carpenter numbers, boundary layer thick-
ness on the walls, etc.
A sketch of the tunnel interior is shown in Fig. 2. The
length of the horizontal test section was made twice as large
as the maximum amplitude to ensure fully developed uniform flow
at the test section. The corners of the tunnel are streamlined
to prevent flow separation.
The ancillary equipment for the tunnel consists of plumb-
ing for filling and draining the tunnel with hot and cold water
(50° to 160°F) , a heat exchanger and an air supply system.
The tunnel was put in operation on 4 July 1975 in essen-
tially the form as described above with the following excep-
tions. The dimensions of the horizontal section originally
were 3 ft. by 3 ft. The oscillations were created by closing a
butterfly valve system (mounted on top of one of the legs of
the tunnel) and creating a differential water level between the
two legs by introducing sufficient amounts of air (at about 50
psi) into the closed chamber and then releasing it quickly by
opening the butterfly valves. This action set the fluid in the
tunnel in oscillatory motion with a natural period of T = 5.272
seconds. The damping of the motion was such that the amplitude
of oscillation decreased about 0.13 inches per cycle for the
largest amplitude and about 0.06 inches per cycle for ampli-
tudes smaller than about half the maximum. This system worked
18
well for a number of reasons. First, over a period of 4 com-
plete cycles of oscillation at any mean amplitude, the velocity
at the test section changed only about 1%. Secondly, the
amplitude, velocity, and acceleration signals were absolutely
free from noise and required no filter.
Subsequently, the work on the hydroelastic oscillations of
cylinders in sinusoidal flow demonstrated the need for a device
which will restore the energy lost due to damping of the mo-
tion. Furthermore, it was decided to increase the size of the
test section to minimize possible blockage effects.
In July 1978, the dimensions of the test section were
changed to 4.67 ft by 3 ft by cutting horizontally the vertical
walls of the 35 ft section (see Fig. 2) and welding to them two
20-inch high vertical plates. The corners were again stream-
lined and the tunnel was provided with large windows for easy
access and flow visualization. Furthermore, a new air system
was designed and constructed to maintain the amplitude of
oscillation constant at a prescribed level as long as desired.
Figure 3 shows the layout of the air supply system. A
three horsepower motor drives a centrifugal fan and supplies
air to the tunnel. The air from the fan passes through an air
control box and into a duct. The control box has two gate
valves, one at the box entrance and one on top of the box. The
entrance valve is raised and lowered vertically by a threaded
rod attached to a manually operated gear and allows for a fine
adjustment of the air flow. The top valve is opened and closed
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by sliding the hatch horizontally and provides a coarse adjust-
ment of the air flow.
The air then flows through the vertical duct to the three-
way valve. The control valve permits the air to flow into the
tunnel at prescribed time intervals. Figure 4 shows the de-
tails of the three-way control valve. The valve body is a drum
which is two feet in diameter and four feet long. Four open-
ings were cut into the drum as shown in Fig. 4. The vane in-
side the drum is used to direct the motion of the air to-and-
from the tunnel. The vane rocks about a mean position by means
of a connecting rod through a sprocket wheel and chain mecha-
nism (see Fig. 3). The chain is driven by a variable speed
motor and gear. The speed of the motor is controlled by an
electronic feed-back control system. It increases or decreases
the speed of the motor so as to maintain the period of oscilla-
tion within + 0.001 second about the natural period of the
fluid in the tunnel. To insure smooth and uniform rotation of
the system, one flywheel is attached to the drive shaft of the
connecting rod and another flywheel is attached to the motor
drive shaft. Air flows from the duct into the entrance port
(marked A in Fig. 4) and is directed by the vane into the tun-
nel (port B) or to the atmosphere (port D) . The vane also
provides a smooth flow path for the air escaping from the tun-
nel (port C) when the supply air is vented to the atmosphere.
The plastic flap which rides on the vane further streamlines
the path of the escaping air out of the port C.
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To oscillate the fluid in the tunnel, the three-way con-
trol-valve motor is activated and the centrifugal fan is turned
on. The vane rocks back and forth (at a period of T = 5.3512 +
0.0010 seconds, where 5.3512 seconds is the natural period of
the tunnel for the amount of water admitted into the tunnel)
,
supplying the air to the tunnel and then exhausting it to the
atmosphere. The amplitude is controlled by the amount of air
supplied to the tunnel by opening or closing the gate valves on
the control box. The amplitude, once set, remains constant as
long as desired with a maximum variation of less than 0.2% per
setting over at least 1000 cycles of oscillation. The small
variation is primarily due to the voltage fluctuations at the
generating plant.
B. FORCE MEASUREMENTS
Depending on the type of bluff body and its arrangement,
one or two force transducers (shear gages) are used to measure
the instantaneous force. The force transducers can measure
both the in-line and transverse forces. The force transducer
element is manufactured by BLH Electronics, Inc., under the
trade name of LBP-1. There are a number of these gages which
can offer a variety of load capacities. One typical gage has a
50 pound capacity with an overload capacity of 200 percent.
With a 50 pound load, the gage deflection is about 0.01 inches.
The bellows which protects the strain gages is water-
proofed by filling the bellows with liquid silicon without
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bringing the rubber into contact with air during the filling
operation. Then the ends of the bellows are sealed air tight
with clamps. The silicon rubber remains in its liquid form and
protects the gages when they are subjected to approximately 20
feet of water pressure at temperatures ranging from 50° to 160°
F.
The transducer element is mounted on aluminum pedestal
blocks. This assembly is then placed inside a gage housing
located on the side of the tunnel (see Fig. 5). The probe end
of the pedestal block is inserted into a self-aligning bearing
located on the end of the bluff body, for example a circular
cylinder
.
Gage calibration is accomplished by hanging loads from the
test body after rotating the gages to sense only a vertical
force. Directional sensitivity of the gages was carefully
checked by applying upward loads on the test body through the
use of a simple pulley system. Following the calibrations in
air, the tunnel is filled with hot water (150° F) and the cali-
bration of the gages is checked once again using the buoyant
force acting on the water-tight test body (the buoyant force is
both calculated and measured precisely prior to the installa-
tion of the test body in the tunnel) . Repeated calibrations in
air as well as in hot water (at various temperatures) have
shown that the gages are linear up to the rated load capacity,
produce exactly the same signal for upward and downward loads
in air and in hot water (under 20 ft water pressure) , and can
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sense loads as small as 0.02 pounds with proper amplification
of the signal. The cross talk between the vertical and side
loads is found to be less than 0.2 percent.
The natural frequency of vibration for the gage housing
and bluff body assembly is very high, on the order of 100
Hertz. This is much higher than the largest vortex shedding
frequency encountered during the experiments.
C. ACCELERATION, ELEVATION, AND VELOCITY MEASUREMENTS
During the past ten years, various methods have been used
to determine the characteristics of the ambient flow at the
test section. These consisted of (i) the visual observation
and recording of the maximum and minimum water levels in both
legs of the tunnel; (ii) the use of calibrated platinum capaci-
tance wires in both legs of the tunnel; (iii) the measurement
of the instantaneous acceleration by means of a differential-
pressure transducer (see [1,2] for additional details) con-
nected to two pressure taps on the legs of the tunnel; (iv) the
measurement of the path of neutrally buoyant particles through
the use of motion picture films; (v) measurement of the path of
a few particles falling in the Stokes regime again through the
use of motion picture films; and (vi) the measurement of the
velocity in the test section through the use of an LDV system
at selected amplitudes of flow oscillation. These methods
yielded the ambient flow acceleration, velocity, and displace-
ment with an error less than 0.05%. The signals generated by
23
the capacitance wires and differential pressure transducers
were entirely free from noise and were never filtered.
D. DATA ACQUISITION SYSTEM
The actual electronic circuitry will vary from one experi-
ment to another depending upon the type of bluff body tested
and the type of conditions to which the body is subjected. The
following circuits are described for a typical circular cylin-
der experiment.
The outputs of the two force transducers are amplified by
carrier and low-gain amplifiers and then sent to a multichannel
recorder for simultaneous analog recording and to a computer
system via an A/D converter for analysis and magnetic recording
of the digitized data.
The signal sampling rate was chosen to be 720 samples per
cycle per channel (i.e., about 135 samples/second/channel or a
sample for every 0.5 degrees). The data were recorded for 50
cycles of flow oscillation for each specific experiment and
stored on floppy disks and analyzed partly during the experi-
ments (for a quick look) and partly after the experiments (for
more detailed analysis of the data) .
B. CIRCULAR CYLINDERS
Four circular cylinders with diameters of 4.5, 5.5, 6.5,
and 7.5 inches were tested. Each cylinder was made of three
pieces: two fixed dummy ends and one active central piece with
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L/D = 2 (see Fig. 6). A spacing of approximately 1/32 in. was
maintained between the active and dummy pieces. The active
segment was mounted concentrically on a supporting cylinder
whose ends were in turn connected to two force transducers.
The ends of the active cylinder were sealed so that the space
between the supporting cylinder and the active segment was kept
unflooded. The cylinders were first mirror polished and main-
tained clean during the smooth cylinder experiments. The cyl-
inder surface was wiped clean at the end of each day in order
to prevent the development of water marks on the surface.
Subsequently, all three parts of a given cylinder were covered
with sieved sand so as to maintain a relative surface roughness
of k/D = 0.02. The sand was applied on the cylinder surface
with an epoxy resin [1,2]. The cylinder diameter was taken to
be D(rough) = D(smooth) + 1.2 k = 1.024 D.
In addition to the foregoing, a marine-roughened cylinder
was also tested (see Fig. 7). It had a clean diameter of 6.125
inches and an apparent diameter of 8 inches. The roughness
consisted mainly of rigid excrescences and there were very
little or no flexible roughness elements on it. Portions of
the roughness were damaged while the pipe was hanging from a
temporary platform in the ocean.
The roughness height was measured at as many locations as
possible and the relative roughness was found to be approxi-
The marine-roughened pipe was kindly provided by Dr. John
C. Heideman and the Amoco Production Company.
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mately k/D =1/50. During most of the experiments the barnacles
were alive and uttered a high frequency sound. The intensity
of this sound increased when the barnacles were subjected to
additional lighting while photographing the pipe. The barna-
cles remained alive for an additional 48 hours even though the
water temperature in the tunnel was raised to about 120 degrees
during the first series of tests.
The full 3-ft length of the pipe was used to measure the
in-line forces, i.e., L/D = 3. The gap between the tunnel wall
and one end of the pipe was 1/32 inch. The pipe was held at a
given position relative to the flow direction (called position
A). Following a series of experiments, the pipe was rotated 90
degrees (called position B) and the experiments were repeated.
The purpose of this decision was to explore the differences in
the force coefficients due to the unevenness of the rigid ex-
crescences. In position A, the damaged parts of the roughness
were at the bottom of the cylinder (i.e., at the -90 degree
position relative to the ambient flow direction) . In position
B, the damaged section faced the flow and the top and bottom
parts of the cylinder were relatively free from damage. Al-
though the entire data obtained with this pipe are reported
herein, only those obtained in position B are compared with
those obtained with the sand-roughened cylinders.
The following table summarizes the characteristics of all
the cylinders used:
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Diameter L/D Ht/D W/L 3 =D 2/vt
4.500" 2 12.4 4.00 2300
5.500" 2 10.2 3.27 3435
6.500" 2 8.6 2.77 4720
7.500" 2 7.5 2.40 6555 & 11525
Ht = height of the test section = 56 inches.
W = width of the test section = 36 inches.







Diameter L/D Ht/D W/L 3 =D 2/VT
4.61" 1.95 12.15 4.00 2412
5.63" 1.95 9.95 3.27 3598
6.66" 1.95 8.41 2.77 4924 & 9354
7.68" 1.95 7.29 2.40 6836 & 14200




Position B 8 3 7 3 13122, 13517
III. FORCE COEFFICIENTS AND GOVERNING PARAMETERS
A. IN-LINE FORCE
Data reduction for the forces in-line with the direction
of flow oscillation is based on Morison's equation and the
Fourier analysis of the force records (sample force traces are









) J [F(t) sine/(pU^D)]d6 (3)
in which F(t) represents the fifty-cycle-averaged measured
force per unit length; Cd and Cm , the drag and inertia coeffi-
cients; and U(t), the velocity of the ambient flow [U(t) = -
Umcos9, with 6= 2frt/T] . The method of least squares yields
identical Cm values and slightly different C^ values.
Two additional coefficients have also been evaluated.
These are:
2
C f (max) = (Maximum of F(t) in a cycle)/ (0 .5PDUm ) (4)
and
T
cjj(rins) = (1/T) f F^t)dt/(0.5 PDU^)
2
(5)
B. TRANSVERSE FORCE (LIFT)
The lift force or the transverse force may be normalized
in a number of ways (sample force traces are shown in Figs. 12-
15) . The fact that the lift force is often random in nature
(even for bodies subjected to steady flow) has made the use of
its rms value most desirable. However, it does not give any
idea about the frequency about which the transverse force may
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be most dominant. It is for this reason that in the present
investigation both the rms value and the first ten harmonics of
the normalized lift force were calculated from
2
CL (rms) = (rms value of the lift force)/(0.5 PDUm ) (6)
and
10
FL (t) = (0.5 PDujjj) ^ CL (n) cos(n6 - <t>n ) (7)
n=l
in which CL (n) is the amplitude of the n-th harmonic and 4>n is
the phase angle.
The in-line and transverse force coefficients cited above
are assumed to be functions of K, k/D, and 3 (or Re) for the
cylinder with L/D = 2.
C. REMARKS REGARDING THE DATA
The investigation described herein was designed for the
purpose of obtaining data which could serve as reference to all
concerned. Thus, no effort has been spared in the acquisition
and subsequent analysis of the data. Throughout the investi-
gation, conscious attention has been devoted to the integrity
of the experimental procedures, methods of evaluation, and the
data reported herein.
The row data (in-line and transverse force versus time)
have been preserved on floppy disks. All test cylinders and
their components have also been preserved for future use or
retesting.
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IV. PRESENTATION AND DISCUSSION OP RESULTS
A. REMARKS
The data are presented in terms of the governing parame-
ters both in graphical and tabulated form (see Appendices) .
Unless stated, none of the results have been corrected for
tunnel blockage.
B. SMOOTH CYLINDER DATA
The drag and inertia coefficients for five values of 8 are
shown in Figs. 16-20 (see Appendix A for the tabulated data).
It is clear from the perusal of either one of these figures
that C^j decreases rapidly as K increases from very small values
and reaches a minimum between K - 2 and K - 3, depending on the
value of 6
.
Stokes [19] was the first to show that the force acting on
a cylinder or sphere oscillating sinusoidally in a viscous
fluid is dependent on both K and Re (or 8 ) . In the case of a
fixed circular cylinder in a sinusoidally oscillating flow
Stokes force may be expressed in terms of the MOJS equation by
noting that over a flow cycle cose |cose| may be approximated by
(8/3tt)cos9. Then one has (see also Rosenhead [20], p. 392),
Cd = (3tt
3/2K) [(tt6)"1/2 +(ttB)~ 1 + 0(ttB)" 3/2 ] (8)
and
Cm = 2 + 4(ttB)~
1/2 + 0(ttB)~ 3/2 (9)
Equations (8) and (9) are valid only for large values of 6 .
Wang [21] extended this analysis to 0[(tt3)~* 3 ' 2 ] using the
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method of inner and outer expansions. His solution, valid for




3/2K) [(tt3)~1/2 +(tt8)~1 - (1/4) (ttB )
~ 3/2
] (10)
Cm = 2 + 4(tt6)"
1/2 + (tt3)" 3/2 (11)
The expressions (10) and (11) differ from (8) and (9) only in
the last terms. Stokes and Wang's solutions yield virtually
identical results in the range of their validity, i.e., for
large 3
.
Relatively few experiments have been carried out with
sinusoidally oscillating cylinders at low Keulegan-Carpenter
numbers. Honji [22] oscillated a circular cylinder in water at
rest in the range 70 < 3 < 700 and < K < 4, and investigated
the stability of the flow. He has delineated three regions in
the (K, 3) -plane: a region (corresponding to relatively small K)
in which no streaks formed because the flow remained attached,
stable and two-dimensional; a second region in which the flow
became unstable to axially periodic vortices; and a third re-
gion in which no clear streaks formed because the flow became
turbulent.
Subsequently, Hall [23] carried out a stability analysis
of that flow, valid only in the limit 3 — °° and K — 0, and
showed that 'oscillatory viscous flows interacting with rigid
boundaries of convex curvature can become unstable to Taylor-
G8rtler vortices'. His analysis confirmed Honji 's data.
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Hall's critical Keulegan-Carpenter number may be written
as
Kcr = Recr/3 = 5.778B'
1/4 (1 + 0.205B~1/4 + ) (12)
according to which the critical Reynolds number Recr increases
with increasing B
.
Subsequently, Sarpkaya [24] presented in-line force data
for one rough and three smooth cylinders over a large range of B
(1035 to 5500) and has shown that (i) the theoretical values of
the inertia coefficient agree quite well with those obtained
experimentally for K smaller than that corresponding to the
inception of boundary-layer transition; (ii) the drag coeffi-
cient predicted by the Stokes-Wang analysis agrees well with
that obtained experimentally for K < Kcr at which the flow
becomes unstable (Honji instability); (iii) the critical regime
is followed either by separation and transition or by transi-
tion and delayed separation. In either case, separation and
minimum drag occur almost simultaneously; (iv) roughness pre-
cipitates instability and transition to turbulence in the
boundary layers. Its net effect is to increase C^ , relative to
the Stokes-Wang prediction, and to delay separation.
The purpose of the present study was not a further inves-
tigation of the stability of the flow at very low K values.
Thus, the experiments were confined to K values larger than
about 1. According to Eq. (12), the critical values of K and
Re for B= 2300 are about 0.86 and 1976, respectively. Thus,
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the instability and the rapid change in C^ [24] are not evident
in Figs. 16-20 for which the lowest K is about 1.0. The com-
parison of the Stokes-Wang prediction with the present measure-
ments shows that (see Figs. 16-20) the instability has occurred
at smaller K values and the drag coefficient jumped to higher
values. The delay in separation due to transition in the
boundary layer leads to minimum C^ values which occur at
slightly larger K values with increasing 3 (for additional
discussion the reader is referred to [24]).
Figures 16-20 also show that the inertia coefficient is
slightly large than 2, at least for K smaller than that corre-
sponding to the minimum drag, and nearly identical to that
given by Eq. (11) . The ideal values of Cm are as follows:
Table 3. Ideal Values of the Inertia Coefficient for






















These may be compared with the tabulated data (Appendices A &
D) to see that the measured and calculated values of Cm agree
fairly well in the range of K values noted above.
In the range of K values between approximately 3 and 12,
C$ increases and Cm decreases as the effects of flow separation
and vortex shedding become increasingly important, eventually
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leading to a very interesting half Karman vortex street in the
transverse direction in the range 8 < K < 13 (Bearman [25],
Sarpkaya [10, 26], Williamson [27]). Subsequently, C m
increases, rapidly at first and then slowly, and C^ decreases
with increasing K.
The drag and inertia coefficients are compared in Figs. 21
and 22 for B = 6555 and 0= 11525. It is noted from Fig. 21,
as well as from Figs. 16-20, that C^ does not depend (within
the range of the experimental errors) on B for B > 2300 and K
smaller than about 1.5. The dependence of boundary-layer tran-
sition and separation on K becomes evident for K larger than
about 1.5. For K larger than about 3, larger values of $ yield
smaller C^ and larger Cm values. The dip in Cm in the range 10
< K < 15 becomes less and less significant as 8 increases
(e.g., Cm = 0.5 at K = 14 for B = 2300 and Cm = 1.4 at K = 11
for B = 11525) . This behavior of the inertia coefficient for
smooth cylinders is opposite to that for the rough cylinders,
as will be shown later.
For K > 15, the two values of B (corresponding to Re =
98,300 and 172,875, both for K = 15) yield nearly identical Cd
values. This does not mean that C^ becomes independent of Re
for all values of Re. It simply means that C^ becomes nearly
insensitive to changes in Re in the range of Re values from
6555. K to 11525. K for K > 15 for the data shown in Fig. 21.
Similar observations may be made regarding Cm on the basis of
Fig. 22.
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Figure 23 shows, for K = 20, a comparison of the data
obtained in 1976 by Sarpkaya [1,2] with those deduced from
Figs. 16-20. The agreement between the two sets of data is
quite good. The present values of Cd are slightly larger than
the previous ones. This is attributed to the better correla-
tion of the flow along the shorter length (L = 2.D) of the
present test cylinders. Similar comparisons may be made by the
reader at other K values using the tabulated data reported in
1976 [1] and in the present investigation.
Figures 24 and 25 show the drag and inertia coefficients,
respectively, for four sets of data (Rodenbusch and Gutierrez
[7], Sarpkaya [1,2], Bearman et al . [11], and the present da-
ta). The following observations may be made: (i) the present
data (in the range 10 5 < Re < 4 x 10 5 ) agree reasonably well
with those reported by Sarpkaya [1,2] in 1976 and by Rodenbusch
& Gutierrez [7] in 1983; (ii) Bearman et al.'s [11] drag coef-
ficients are somewhat lower in the range of comparison (i.e.,
for K < 20) than those of Rodenbusch & Gutierrez. The reasons
for this difference are not clear. However, one is tempted to
attribute them to the effect of the orbital motion and to the
presence of currents in wave channels. Sarpkaya and Storm [28]
have shown that the effect of current is to reduce the drag
coefficient relative to the no-current case, particularly for
K < 20; and (iii) the agreement between the present data,
Sarpkaya's 1976 data and Rodenbusch & Gutierrez's 1983 data for
K larger than about 15 support the view that Cd is at best a
35
very weak function of Re for Re larger than about 10^ (in Fig.
24, Re ranges from 10 5 to 18.8 x 10 5 )
.
Figure 26 shows the present Cfmax data as a function of K
for all values of 8 (from 2,300 to 6,555) for the smooth
cylinders (see Appendix A for the tabulated data)
.
For K < 9, C fmax is independent of 8 in the range of 8
values noted above. For K > 9, the maximum in-line force coef-
ficient depends on 8 as well as on K. However, the dependence
of Cfmax on 8 decreases rapidly with increasing 8 . In other
words, for large values of 8, Cfmax depends only on K within
the range of 8 values encountered in the present investigation.
The rms value of the lift coefficient for smooth cylinders
is shown in Fig. 27 (see Appendix B for the tabulated data)
.
In the range 2300 < 8 < 11525, CLrms reaches a peak value of
about 1.6. For K larger than about 13, the dependence of CLrms
on 8 decreases rapidly with increasing 8 . The data shown in
Fig. 27 are quite similar to those reported in 1976 [1] .
The amplitudes of the first five harmonics of the lift
force for the smooth cylinders are shown in Figs. 28-31 (see
Appendix C for the tabulated data) . Clearly, all harmonics are
present, to varying degrees of importance, in the lift force.
However, the second and fourth harmonics dominate the drag/-
inertia dominated regime. The third harmonic is relatively
* The lift data for smooth cylinders were obtained only at




strong in the neighborhood of K = 18. One additional observa-
tion to be made is that the importance of all harmonics, with
the exception of the second and the fourth, decreases rapidly
witl increasing $ (see Fig. 31). Thus, the transverse force
should be well represented by its second and fourth harmonics
in the drag/inertia dominated regime at sufficiently high
Reynolds numbers (say Re larger than about 50,000)
.
C. ROUGH CYLINDER DATA
The drag and inertia coefficients for the sand-roughened
cylinders (k/D = 1/50) are shown in Figs. 32 through 37 for 6
from 2412 to 14200 (see Appendix D for the tabulated data) .
Several facts emerge from these figures. The drag coefficient
decreases with K for K smaller than about 2 and then rises to a
maximum near K = 10. Subsequently, C^ decreases with increas-
ing K within the range of K values encountered. The said de-
crease in C^ is not smooth and there are several humps or in-
creases and decreases in C^ . The first of these increases
occurs at K - 17, the second at K - 24, and the third at K -
32. The amplitude of these secondary oscillations in C^ de-
creases with increasing K. Repeated experiments have shown
that these oscillations are not only real but also are directly
related to the harmonics of the lift force. It will be shown
later that the first, third, and fifth harmonics at K - 17, the
fourth, sixth, and eighth harmonics at K - 24, and the fifth,
seventh, and ninth harmonics at K - 32 are very prominent. This
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is reflected in the variation of the drag coefficient in the
said range of K values.
The inertia coefficient starts out at values slightly
larger than 2, then decreases rather rapidly at K - 7, and then
increases, rapidly at first and then gradually. Figures 31-34
also show that Cm decreases with increasing 3 (from 2412 to
4924) in the range 10 < K < 15. As noted earlier, this is
contrary to the variation of Cm with 3 for the smooth cylinder.
The dependence on 3 of the drag and inertia coefficients
for the rough cylinders will be discussed through the use of
Figs. 38-41. Figure 38 is a combined plot of the drag and
inertia coefficients for 3 = 6836 and 3 = 14,200. The corre-
sponding sets of data (including the magnitude and position of
the secondary oscillations in C^) are nearly coincident. It
is clear that C^ and Cm do not depend on 3 for the two values
of 3 noted above. In other words, the drag and inertia coeffi-
cients in Fig. 38 vary only with K and are independent of the
Reynolds number.
One is now in a position to explore the dependence or lack
of dependence of the force coefficients on 3 over a larger
range of 3
.
* This is more remarkable than it may appear at first sight.
It is recalled that the experiments at 3 = 6836 were carried
out in water at room temperature and those at 3 = 14,200 in hot
water at nearly twice the room temperature. Furthermore, each
experiment was repeated twice at different times over a one
month period.
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Figure 39 shows C d and Cm for four values of 3 (4924,
6836, 9354, and 14,200; see Table 2 for the cylinders used).
Once again it is noted that the force coefficients do not de-
pend on 3 in the range of 3 values noted. The differences
between the four sets of data are no more than the scatter in
any one set.
Figure 40 shows the entire drag-coefficient data for all
values of 3 (from 2412 to 14,200) for the sand-roughened cylin-
ders. This figure and the tabulated data (see Appendix D) show
that C^ values for 3 = 2412 are lower than the rest. The C^
values for 3 = 3598 are sandwiched between those for 3 = 2412
and the rest. One may, therefore, conclude that for rough
cylinders (k/D = 1/50) the drag coefficient becomes independent
of 3 or of the Reynolds number for 3 larger than about 4,000 (+
200) . Even though the data at large 3 were obtained for K
smaller than about 40, there is no reason to expect that C^
will become dependent on Re for K > 40 as long as the Reynolds
number is kept larger than about 4,000.K, for k/D = 1/50.
Figure 41 shows the inertia coefficient for all values of 3
(from 2412 to 14,200). This figure and the tabulated data show
that Cm becomes independent of 3 for 3 larger than about 4,000.
It is also noted that the dependence of the inertia coefficient
on 3 (or on the Reynolds number) for 3 < 4000 is relatively
weaker than that of the drag coefficient. Furthermore, varia-
tions in C_ with 3 for K larger than about 15 are obscured by
the scatter in the data in the drag dominated regime (where the
precise value of Cm is not of special concern).
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Figures 42 and 43 show, for K = 20 and K = 30 respective-
ly, the comparison of the drag coefficients obtained in the
present investigation with those reported in 1976 by Sarpkaya
[2] . For K = 20 and k/D = 1/50, the two sets of data agree
quite well and show that C^ becomes independent of Re for Re
larger than about 80,000 (i.e., for 3 > 4000). For K = 30, the
mean of the present data is slightly lower (about 3%) than that
reported in 1976. The drag coefficient becomes independent of
Re for Re > 120,000 (i.e., for 6 > 4000). Figures 42 and 43
also show that for smaller relative roughnesses, C^ and Cm
become independent of B at larger values of B , i.e., at larger
Re for a given K.
Figures 46 and 47 show C^ and Cm for the marine-roughened
cylinder (in position A) for various values of 3 . The rela-
tively large scatter in Cm is attributed to the damage in
roughness near the separation region on one side of the cylin-
der .
Figures 46 and 47 show C^ and Cm for the same cylinder in
position B. The scatter in Cm is relatively smaller. The mag-
nitude of C^ in the drag-inertia dominated regime is somewhat
larger than that shown in Fig. 44. The said difference is
attributed to the orientation of the damaged roughness in the
two cases.
Figures 48 and 49 show a comparison of the drag and iner-
tia coefficients for three sets of data: the present sand-
roughened cylinder data (for 3 = 9354 and 6 = 14,200 only, for
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sake of clarity); the marine-roughened cylinder data (for the
position B) ; and the rough cylinder data of Rodenbusch and
Gutierrez [7], all for k/D = 1/50. The sand-roughened and
marine-roughened cylinder data agree quite well. Six of the C^
values of Rodenbusch and Gutierrez are somewhat lower than
those obtained in the present investigation. Furthermore,
their Cm values for K > 12 are somewhat larger. The reasons
for these differences are not clear. However, the facts pre-
sented herein show that they are not attributable either to the
differences in 3 or to the blockage effects in the U-tunnel
.
It is tempting to think that the vibrations of the large test
cylinder, the condition of the free surface in the test basin,
the filtering of the data and the regularity of the shape and
distribution of the roughness elements in the SSPA tests [7]
may be partly responsible for the said differences + .
Figure 50 shows Cfmax as a function of K for all values of 3
(from 2412 to 14,200) for the sand-roughened cylinders (see
Appendix D for the tabulated data) . For K < 7, Cfmax is inde-
The six data points are at: K = 3.14 for Re = 440,000
and 3 = 140,000; K = 6.28 for Re = 440,000 and 6 = 70,000; K =
12.56 for Re = 880,000 and 3 = 70,000; K = 25.12 for Re =
1,880,000 and 3 = 75,000; K = 31.4 for Re = 880,000 and 6 =
28,000; and K = 31.4 for Re = 1,750,000 and 3 = 56,000.
The increase of D (smooth) by 2k in [7] rather than by
1.2k (as in the present study) in calculating D (rough) lowers




pendent of 3 in the range of 3 values noted above. For K > 7,
the maximum in-line force coefficient depends on 3 as well as
on K. However, the dependence of Cfmax on 3 is rather weak
and decreases rapidly with increasing 3. For 3 > 2412, it is
difficult to make a distinction between a negligible dependence
on 3 and a small scatter in the data.
The Cfmax values for a smooth ( 3 = 11,525) and a sand-
roughened cylinder ( 3= 14,200) are compared in Fig. 51. This
figure and Figs. 26 and 50 show conclusively that (i) the maxi-
mum force coefficient does not depend on either the relative
roughness or 3 for K < 7; (ii) Cfmax for the rough cylinder is
considerably larger than that for the smooth cylinder for K >
7; and (iii) as noted earlier, Cfmax for the smooth cylinder
continues to be independent of 3 up to K = 9.
The rms value of the lift coefficient for sand-roughened
cylinders is shown in Fig. 52 (see Appendix E for the tabula-
ted data). In the range 2412 < 3 < 6836, CLrms reaches a peak
value of about 1.8 and is practically independent of 3 (^Lrms
for 3 = 2412 is slightly lower than the rest) . The secondary
oscillations in the rms value of the lift coefficient occur at
K = 17, 24, 32, and 41. These are the same K values at which
similar oscillations with relatively smaller amplitudes occur
in Cd (see Figs. 32-40)
.
* The lift data for the sand-roughened cylinders were
obtained only at 3 = 2412, 3598, 4924, and 6836 (i.e., with
water at room temperatures only)
.
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Figure 53 shows a comparison of the CLrms values of a
smooth ( 3 = 6555) and a rough cylinder ( 6 = 6836) for nearly
identical B values. Clearly, CLrms for tne rou<3 n cylinder
remains high and its maximum occurs at a lower K relative to
the smooth cylinder. The implications of these are that the
separation occurs at a smaller angle at a given time relative
to that for the smooth cylinder and the vortices are stronger
and better correlated.
The amplitude of the first five harmonics of the lift
force for the sand-roughened cylinders are shown in Figs. 54-57
(see Appendix F for the tabulated data) . Clearly, all harmon-
ics are present, to varying degrees of importance, in the lift
force. In the drag-inertia dominated regime, primarily the
second harmonic and to a lesser but equal extent the first,
third, and fourth harmonics dominate the lift. The third and
fifth harmonics in the neighborhood of K = 17; the fourth,
sixth, and eighth harmonics in the vicinity of K = 24; and the
fifth and seventh harmonics in the neighborhood of K = 32 domi-
nate the lift. What is rather remarkable is that all harmon-
ics, with the exception of the second, are of the same order of
magnitude (see also the tabulated data in Appendix F) . A com-
parison of Figs. 54-57 with Figs. 28-31 shows that the effect
of roughness is to increase significantly the importance of
higher order harmonics in the transverse force. It is sug-
gested that the roughness increases the wall shear, the bound-
ary layer thickness, and the spanwise coherence, decreases the
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separation angle, and increases the vorticity flux and hence
the strength and the lifespan of the vortices relative to those
for the smooth cylinder. The measurement of the vortex
strength and the separation angle as a function of time is at
best very difficult. The consequences of roughness, as reflec-
ted indirectly in the time-invariant in-line and transverse
force coefficients, cannot yet be predicted theoretically. The
application of the discrete vortex model to oscillating flow
about a smooth cylinder will be the subject of another report.
V. CONCLUSIONS
The results presented herein warrant the following conclu-
sions:
1. The smooth-cylinder data presented herein agree quite
well with those presented by Sarpkaya [1,2] in 1976 and by
Rodenbusch and Gutierrez [7] in 1983;
2. Bearman et al.'s [11] drag coefficients are somewhat
lower in the range of comparison (i.e., for K < 20) than those
of Rodenbusch and Gutierrez [7];
3. The drag, inertia, and the maximum force coefficients
for smooth cylinders are at best a very weak function of the
Reynolds number (Re) for Re larger than about 100,000;
4. The rms value of the lift coefficient for smooth cyl-
inders reaches a peak value of about 1.6. For Keulegan-
Carpenter numbers (K) larger than about 13, the dependence of
CLrms on & (
= Re/R ) decreases rapidly with increasing 6 ;
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5. The analysis of the amplitude of the first ten harmon-
ics of the lift force for smooth cylinders has shown that all
harmonics are present, to varying degrees of importance, in the
lift force. However, the second and fourth harmonics dominate
the drag-inertia dominated regime. The amplitude of all har-
monics, with the exception of the second and the fourth,
decreases rapidly with increasing 8
;
6. For rough cylinders (k/D = 1/50), the drag and inertia
coefficients become independent of 8 or of the Reynolds number
for 8 larger than about 4000;
7. The drag coefficient exhibits pronounced secondary
peaks in the neighborhood of K = 17, 24, and 32. These are
directly related to the harmonics of the lift force;
8. The rough-cylinder data presented herein agree quite
well with those reported by Sarpkaya [2] in 1976 and show that
the effect of roughness, particularly on the drag coefficient,
is indeed very profound. The rough-cylinder drag-coefficient
data of Rodenbusch and Gutierrez [7] are somewhat lower than
those obtained in the present investigation. Their inertia
coefficients for K > 12 are somewhat larger. The reasons for
these differences are not clear. However, the facts, presented
herein show that they are not attributable either to the dif-
ferences in 8 or to the blockage effects in the U-tunnel;
9. The maximum force coefficient does not depend on
either the relative roughness or 8 for K < 7;
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10. The rms value of the lift coefficient reaches a peak
value of about 1.8 and is practically independent of 8. The
secondary oscillations in the rms value of the lift coefficient
occur at K = 17, 24, 32, and 41. These are the same K values
at which similar oscillations with relatively smaller ampli-
tudes occur in the drag coefficient;
11. The analysis of the harmonics of the lift force for
rough cylinders shows that all harmonics, with the exception of
the second, are of the same order of magnitude. In the drag-
inertia dominated regime, primarily the second harmonic and to
a lesser but equal extent the first, third, and fourth harmon-
ics dominate the lift. The third and fifth harmonics in the
neighborhood of K = 17; the fourth, sixth, and eight harmonics
in the vicinity of K = 24; and the fifth and seventh harmonics
in the neighborhood of K = 32 dominate the liftforce.
12. The use of relatively short test cylinders with
identical length-to-diameter ratio (L/D = 2) brought into
sharper focus the variation of all force coefficients and
effectively removed the ambiguities associated with the use of
test cylinders with different L/D ratios.
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Fig. 2a Cross-section of the U-shaped water tunnel.
Fig. 2b A photograph of the U-shaped water tunnel
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Fig. 6b Three-piece smooth and rough cylinders.
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Fig. 7 Marine-roughened cylinder
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IN-LINE FORCE COEFFICIENTS FOR SMOOTH CYLINDERS
BETA = 2300 , k/D =
Cd Cm Cf max Carms
1 1.02 1.29 2.08 22.02 14.30
2 1.02 1.25 2.06 21.41 14. 11
3 1.39 .99 2.07 15.73 10.41
4 1.40 1.02 2.07 15.41 10.35
5 1.40 1. 15 2.06 15.41 10.23
6 1.41 .97 2.06 15.48 10.22
7 2.40 .79 2.02 8.91 5.90
8 2.40 .87 2.02 8.78 5.90
9 2.78 .86 2.00 7.59 5.05
10 2.80 .77 1.99 7.42 4.96
11 2.81 .86 1.98 7.34 4.94
12 2.82 .86 1.97 7.27 4.92
13 3.76 .99 1.93 5.31 3.63
14 3.78 .86 1.93 5.43 3.59
15 4.80 1 .05 1.87 4. 19 2.80
16 4.80 1.02 1.87 4. 17 2.79
17 4.80 .96 1.88 4. 19 2.79
18 5.41 1 .04 1.85 3.71 2.47
19 5.41 1.02 1.85 3.76 2.47
20 6.22 1. 13 1.80 3. 19 2. 13
21 6.23 1 .20 1.79 3. 17 2. 13
22 6.38 1. 15 1.79 3. 13 2.08
23 6.38 1. 18 1. 79 3. 13 2.08
24 6.6Q 1. 18 1.78 3.02 2.01
25 6.61 1. 17 1.77 2.98 2.0O
26 7.22 1. 14 1.76 2.76 1.84
27 7.22 1 . 15 1 .73 2.72 1.81
28 8. 44 1.34 1.59 2.27 1.54
29 8.46 1 . 19 1.67 2.26 1.55
30 8.48 1 . 17 1.69 2.29 1.56
31 9.25 1 .43 1.33 2.00 1.38
32 9. 33 1.25 1.63 2.05 1.42
33 9.62 1.63 1.05 2.54 1.32
34 9.78 1.51 1. 14 2.42 1.28
35 9.98 1.65 1.04 2.71 1.30
36 10. 12 1.64 .96 2.52 1.27
37 10.43 1.72 .90 2.47 1.27
38 10.45 1.71 .86 2.58 1.25
39 11.85 1.68 .73 2.55 1. 18
40 11.89 1.74 .77 2.71 1.24
41 13.09 1.86 .54 2.52 1.24
42 13. 11 1.84 .55 2.57 1.23
43 13. 12 1.77 .63 2.30 1. 19
44 13.94 1.80 .56 2.30 1. 19
45 13.94 1.76 .51 2. 15 1. 16
46 13.95 1.71 .54 2.06 1. 13
47 16.55 1.51 .61 1.91 1 .01
48 16.55 1.57 . 53 1.86 1 .03




IN-LINE FORCE COEFFICIENTS FOR SMOOTH
BETA = 2380 , k/D =
CYLINDERS
Cd Cm Cfmax Carms
50 16.55 1 .51 .61 1.85 1 .01
51 13.48 1 .35 .73 1.71 .91
52 13.49 1 .33 .82 1.57 .90
53 20.42 1 .21 1.08 1.70 .85
54 20.48 1 .06 1.21 1.53 .78
55 21.91 1 . 11 1. 19 1.51 .79
56 22.33 1 . 10 1. 19 1.26 . 77
57 22. 34 1 .07 1.38 1. 16 .78
58 22.35 1 .06 1.33 1.37 .78
59 22.70 1 .07 1 .06 1.26 .74
60 22.71 .99 1.37 1. 13 .74
61 25.92 1 . 04 1.22 1. 19 .72
62 25.98 .98 1.36 1.01 .70
63 30. 15 .92 1.36 1.00 .65
64 30.20 .89 1.34 .96 .62
65 33.96 .83 1.50 .85 .59
66 34.02 .84 1.47 .90 .59
67 38.59 .80 1.50 .82 .56
68 38.62 .81 1.50 .82 .56
69 43.66 .79 1.48 .80 .53
70 43. 74 .78 1.52 .78 .53
71 48.89 .75 1.49 .72 .50
72 48.92 .75 1.59 .81 .51
73 53.95 .70 1.50 .67 .47
74 54. 04 .71 1.53 .74 .47
75 61.72 .68 1.52 .68 .45
76 61.77 .70 1.45 .70 .46
77 61.83 .69 1.55 .71 .45
78 61.92 .68 1.44 .66 .44
79 61.97 .69 1.54 .73 .45
THERE ARE 79 DATA PAIRS STORED AS <X,Y) IN FILES: ASDCD. ASDCM. . ASDCF
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APPENDIX A:
IN-LINE FORCE COEFFICIENTS FOR SMOOTH CYLINDERS
BETA = 3435 , k/D =
Cd Cm Cf max Carms
1 .99 1.74 2. 32 21 . 35 14.24
2 .99 1.93 2.02 21. 15 14.26
3 1.00 1.78 2.02 20.98 14. 14
4 1.00 1.83 2.02 21.20 14. 17
5 1.38 1.28 2.02 15.31 10.23
6 1.38 1.26 2.03 15.34 10.25
7 1.39 1.27 2.02 15.08 10. 19
8 1.39 1.27 2.02 15.09 10.20
9 1.85 1.04 2.00 11.16 7.55
18 1.85 .96 2.02 11.48 7.65
11 1.86 .94 2.01 11.44 7.58
12 2. 16 .82 2.00 9.59 6.47
13 2. 16 .85 2.00 9.52 6.46
14 2. 17 .87 2.00 9. 55 6.46
15 2. 17 .94 2.00 9.66 6.48
16 2.69 .80 1.98 7.69 5. 16
17 2.70 .79 1.98 7.69 5. 15
13 2. 70 .81 1 .98 7.65 5. 15
19 2. 70 .86 1.98 7.61 5. 15
20 3. 13 .78 1.98 6.56 4.43
21 3. 13 .82 1.98 6.69 4.44
22 3. 32 . 76 2.00 6. 13 4.22
23 3.33 . 85 1.99 6. 10 4.20
24 3.94 .38 1 .93 5. 13 3.46
25 3.99 .86 1.93 5.07 3.41
26 4.01 .82 1.96 5.07 3.44
27 4.50 .87 1.90 4.44 3.00
28 4.50 .86 1.91 4.45 3.00
29 4.50 . 37 1.91 4. 46 3.00
30 5. 33 .90 1.87 3. 75 2.50
31 5.34 .93 1.86 3.75 2.50
32 5. 34 .91 1.38 3.74 2.51
33 5.35 . 91 1.87 3.73 2.50
34 6.23 .92 1.83 3. 18 2. 12
35 6.24 .91 1.84 3. 16 2. 13
36 6.25 .97 1.83 3. 17 2. 12
37 6.28 . 92 1.83 3. 14 2. 11
38 7. 12 1.01 1.77 2.72 1.84
39 7. 13 . 37 1.77 2.74 1.83
40 7. 15 1 . i35 1.77 2.80 1.84
41 7. 17 1. -37 1.78 2.81 1.85
42 7. 18 1 . 02 1.78 2.73 1.84
43 7.85 1. 04 1.74 2.50 1.67
44 7.94 1.07 1 . 74 2.46 1.66
45 8. 77 1. 08 1.66 2. 19 1.47
46 8.80 1.12 1.72 2.37 1.53
47 8.83 1. 12 1.71 2.23 1.51
48 9.21 1. i 1 1.65 2. 12 1.42




IN-LINE FORCE COEFFICIEN SMOOTH CYLINDERS






58 9.61 1 .68 1 . 40
51 9.62 1. 10 1 .69 2. 16 1.39
52 9.63 1.02 1 . 71 2.08 1.39
53 9.68 1 . 12 1 .63 2.02 1.36
54 9.77 1.10 1 .73 2. 10 1.40
55 9.81 1. 12 1 .70 2.06 1.38
56 9.96 1. 18 1 .51 1.90 1.28
57 9.99 1 .52 1 .06 1.99 1.26
58 10.01 1.36 1 .23 1.72 1.24
59 10.06 1.58 .98 2.07 1.26
60 10. 10 1.56 .98 2.48 1.24
61 10. 10 1.55 1 .01 2.44 1.24
62 10. 1 1 1 . 46 1 .08 2.01 1.21
63 10. 12 1.47 1 .05 2. 15 1.23
64 10. 14 1.56 1 .05 2.25 1.27
65 10. 19 1. 15 1 .62 1.98 1.31
66 10.40 1.67 .80 2.07 1.23
67 10. 41 1.58 .92 2.04 1.22
68 10.59 1.61 .83 2.46 1.21
69 10.61 1.67 .77 2.27 1.23
70 10.61 1.65 .86 2.51 1.25
71 10.62 1.68 .85 2. 14 1.25
72 10.63 1.55 .91 2.38 1. 19
73 11.03 1.68 .80 2. 12 1.22
74 11.05 1.62 .81 2.56 1.20
75 11.05 1.59 .84 2.50 1.20
76 11.05 1.58 .89 2.50 1.20
77 1 1 .06 1.70 . 75 2.38 1.21
73 11.87 1.74 .65 2.31 1.21
79 11.90 1.71 .65 2. 18 1. 19
30 11.91 1.67 .73 2.42 1. 18
31 12.69 1.66 .65 2.49 1. 15
32 12.93 1.71 . 66 2.05 1. 15
33 12.94 1.61 .66 1.95 1. 10
34 12.97 1.66 .65 2.33 1. 14
35 12.98 1.59 . 71 2.42 1. 12
36 12.99 1.67 .59 2.34 1. 14
3 7 14.06 1.58 .80 1.96 1. 10
33 14.07 1 .48 . 73 1.74 1.02
39 14. 1 1 1.54 .67 1.92 1.05
90 14. 1 1 1.53 .73 1. 92 1.06
91 15.03 1.39 .81 1.71 .98
92 15.03 1.32 .86 1.54 .94
93 15.04 1.42 .81 1. 75 .99
94 15.71 1.35 .87 1.52 .95
95 15.73 1.29 .90 1.45 .91
96 15.73 1.29 .93 1.45 .92
97 15.74 1.29 .95 1.52 .93
98 15. 75 1.23 .98 1.39 .89









Cd Cm Cfnax Carms
100 16.56 1..23 .99 1 . 36 .89
101 16.60 1I. 17 1.05 1.23 .86
102 16.61 I1.23 .98 1 .42 .89
103 16.71 1L. 17 1.00 1.32 .86
104 17.50 1L. 14 1.03 1.24 .84
105 17.52 !L. 12 1. 10 1.24 .83
106 17.59 1L. 15 1.08 1.26 .85
107 17.60 1L. 16 1 .03 1.32 .85
108 17.82 .95 1.36 1.35 .80
109 17.91 . 93 1. 46 1 . 18 .80
1 10 17.96 .91 1. 46 1. 18 .79
1 1 1 17.96 .95 1.48 1 . 12 .82
112 17.98 .93 1 . 48 1 . 10 .81
1 13 18.53 .98 1.47 1. 14 .82
1 14 18.60 .93 1 . 48 1.21 .78
115 18.61 .89 1.45 1.22 .77
1 16 18.62 .91 1 .41 1.28 .77
117 18.63 .92 1.45 1. 18 .78
113 19.66 .87 1.52 1.04 .75
119 19.68 .86 1. 47 1.04 .74
120 19.89 .84 1.56 1.08 .75
121 22.43 .86 1.54 .97 .71
122 22.45 .80 1.55 .97 .68
123 22.57 .82 1.55 .95 .69
124 25.94 .78 1.56 .94 .63
125 25.97 .77 1. 56 .89 .62
126 25.99 .76 1.64 .88 .64
127 26.06 .78 1.55 .91 .63
123 29.43 .73 1.61 .81 .58
129 29.43 .71 1.63 .81 .58
130 29.46 .73 1.61 . 80 .58
131 33.39 .71 1.64 .76 .55
1 32 33.41 .71 1 .64 .76 .55
133 33.62 .72 1 .64 .76 .55
1 34 39. 14 .68 1.63 .69 .51
1 35 39. 18 .66 1.62 .71 .49
1 36 39.21 .67 1.63 .70 .50
1 37 45. 14 .63 1.65 .65 .46
133 45. 16 .64 1.64 .66 .46
139 45. 19 .64 1.62 .65 .46
140 45.23 .64 1.65 .64 .46
: 41 51.23 .62 1.67 .62 .44
; 42 51.26 .63 1 . 61 .62 .44
: 43 51.28 .62 1. 68 .62 . 44
THEFE ARE 143 DATA PAIRS STORED AS <X,Y) IN FILES: BSDCD. BSDCM. . BSDCF
111
APPENDIX ft:




Cd Cm Cf max Carms
1 . 89 1 . 44 2. 06 23. 51 16. 09
2 .90 1.51 2.06 22. 97 15.88
3 .93 1.23 2.04 22.57 15.33
4 .93 1. 15 2.04 22.34 15.27
5 .95 1. 19 2.03 22.09 14.89
6 1. 14 1.24 2.07 18. 38 12.65
7 1. 14 1.25 2.07 18.46 12.63
8 1. 14 1.27 2.07 18.38 12.65
9 1. 15 1.29 2.07 18.50 12.59
10 1.39 1.04 2.07 15.04 10.41
1 1 1.39 1.03 2.07 15. 16 10.42
12 1.39 .91 2.07 15.00 10.43
13 1.39 .98 2.07 15.01 10.41
14 1.53 .89 2.08 13.53 9.44
15 1.54 .85 2.07 13.59 9.41
16 1.54 .88 2.07 13.44 9.40
17 1 .61 .95 2.05 12.77 8.90
13 1.82 .79 2.04 11.43 7.84
19 1.82 .82 2.04 11.38 7.84
20 2.21 .78 2.05 9.23 6.48
21 2.21 .76 2.04 9.25 6.46
22 2.85 .66 2.01 7. 16 4.94
23 2.87 .63 2.01 7. 12 4.90
24 2.87 .76 2. 00 7.02 4.89
25 3.04 .72 2.01 6.64 4.63
26 3.06 .71 2.01 6.59 4.60
27 3.70 .69 2.00 5.43 3.79
28 3.70 .75 2.00 5.39 3.78
29 3.71 . 77 1.99 5.40 3.78
30 4.06 .75 1.98 4. 94 3.43
31 4.06 .77 1.98 4.89 3.43
32 4.31 . 77 1.98 4.61 3.23
33 4.32 .73 1.98 4.59 3.22
34 4.95 .76 1.95 3.97 2.79
35 4.97 .78 1 .94 3.99 2.77
36 4.98 .77 1.95 3.98 2.77
37 5.83 .85 1.90 3.38 2.33
38 5.85 .79 1.91 3.36 2.32
39 5.99 .83 1.89 3.31 2.26
40 6.01 .83 1.89 3.30 2.25
41 6.7Q .88 1.87 2.97 2.02
42 6.78 .92 1.84 2.89 1.97
43 7.21 .93 1.83 2.76 1.86
44 7.23 .98 1.82 2.78 1.85
45 7.58 .93 1.82 2.65 1.77
46 7.82 .87 1.80 2.52 1.69
47 7.97 .96 1.79 2.48 1.67
48 7.98 .89 1.83 2.47 1.69









Cd Cm Cfmax Carms
50 8.94 .92 1 .71 2. 17 1.45
51 9.28 1. 10 1.64 2. 19 1.40
52 9.32 1.04 1.71 2. 13 1.43
53 9.32 .96 1.70 2. 11 1.40
54 9.34 .91 1.78 2.08 1.44
55 9.48 1.03 1.69 2.09 1.39
56 9.48 .99 1.70 2.06 1.39
57 9.55 .98 1.51 1.87 1.28
58 9.55 1. 10 1.44 1.83 1.29
59 9.62 .99 1.68 2.00 1.36
60 9.79 1.11 1.39 1.79 1.24
61 9.79 1. 12 1.38 1 .76 1.24
62 9.80 1.05 1.46 1.80 1.25
63 9.95 1. 17 1.34 1.74 1.22
64 9.95 1. 35 1. 17 1.81 1.22
65 9.96 1.22 1.30 1 .70 1.22
6S 10.01 1.35 1. 18 1 .69 1.22
67 10.31 1.30 1. 16 1.79 1. 18
63 10.49 1.42 1.04 1 .86 1. 19
69 10.49 1.38 1.00 2.22 1. 15
70 10.49 1.40 1 .04 2. 16 1. 18
71 11.02 1.48 .88 1.99 1. 14
72 1 1.08 1.42 .98 1 .88 1 . 13
73 1 1.08 1.44 .90 2.09 1. 12
74 11.21 1.58 .86 2. 13 1. 14
75 1 1.25 1.53 .80 1.96 1. 13
76 11.28 1.54 .81 2.05 1. 14
77 1 1.68 1.48 .85 1.84 1. 10
78 1 1. 72 1.42 .95 2. 15 1.11
79 11.75 1.46 .89 1.82 1. 10
30 12.02 1.36 .93 1 . 75 1 .04
31 12.02 1.37 .91 1.58 1.04
32 12.21 1.50 .80 1.94 1.09
33 12.25 1 .39 .92 1.73 1.05
34 12.29 1.45 .86 1.73 1.07
35 12.76 1.35 . 92 1.74 1.01
36 12. 76 1.43 .81 1 .63 1.02
37 12.77 1.38 1.02 1.79 1.02
38 13. 33 1.36 .93 1.64 1.01
39 13.38 1.33 .95 1.69 1.00
90 13.41 1.24 1.03 1.40 .97
91 13. 98 1.21 1. 00 1.35 .92
92 13.99 1.09 1 . 18 1. 30 .91
93 14.03 1. 16 1. 15 1.26 .93
94 14. 04 1. 14 1 .20 1. 37 .95
95 14. 14 1.06 1.24 1.22 .91
96 14.58 1 .06 1 .23 1.22 .90
97 14.62 1.04 1 .23 1. 13 .88
98 14.64 1.08 1. 19 1. 19 .89









Cd Cm Cfmax Carms
100 15. 15 1.00 1.33 1.28 .88
101 15. 18 1.00 1.32 1. 18 .88
102 15.23 .77 1.66 1.26 .90
103 15.23 .78 1.74 1.32 .93
104 15.83 .78 1.64 1.24 .87
105 15.84 .74 1.68 1.22 .87
106 15.86 .79 1.62 1.20 .86
107 16.51 .81 1.64 1.21 .85
108 16.52 .79 1.70 1.24 .86
109 16.66 .77 1.70 1.21 .85
1 10 16.72 .76 1.70 1.22 .85
1 11 17.89 .70 1.76 1. 17 .81
112 18.03 .74 1.69 1. 13 .79
113 20.95 .66 1.68 .98 .69
1 14 20.95 .68 1.70 1.01 .70
1 15 22.32 .64 1.72 .90 .66
116 22.32 .66 1.76 .99 .68
117 22.32 .65 1.74 .96 .67
118 24.08 .64 1.74 .91 .64
119 24.08 .66 1.74 .95 .64
120 26.04 .64 1.76 .89 .61
121 26.04 .62 1.77 .87 .61
122 26.04 .66 1.75 .86 .62
123 29.37 .63 1.76 .80 .57
124 29.37 .63 1.75 .79 .56
125 34. 18 .61 1.77 .72 .51
126 35.83 .59 1.78 .70 .50
127 35.87 .60 1.77 .69 .50
123 40. 98 .59 1.80 .67 .47
129 41 . 05 .58 1.80 .65 .47
130 45.58 .57 1.85 .67 .44
131 45.66 .57 1.86 .65 .44
THERE ARE 131 DATA PAIRS STORED AS <X,Y) IN FILES: CSDCD. CSDCM. .CSDCF
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IN-LINE FORCE COEFFICIENTS FOR SMOOTH
BETA = 6555 , k/D =
CYLINDERS
Cd Cm Cf max Carms
1 1.03 1.53 2.01 20.24 13.65
2 1.03 1.51 2.02 20.82 13.77
3 1.25 1.34 2.02 16.80 11.31
4 1.25 1.04 2.02 16.91 11.29
5 1.25 1.04 2.02 17.07 11.30
6 1.25 1.11 2.01 16.96 11.29
7 1.61 .86 2.02 12.96 8. 74
8 1.62 .89 2.01 12.97 8.71
9 2.32 .72 2.00 8.92 6.03
19 2.33 .69 2.00 8.95 6.02
11 2.72 .74 2.00 7.58 5. 13
12 2.73 .74 1.99 7.58 5. 12
13 2.77 .74 1.99 7.47 5.03
14 3. 22 .6? 1.98 6.35 4.30
15 3. 27 .69 1.98 6.27 4. 24
16 3. 66 .69 1.97 5.55 3.77
1? 3.68 .68 1.97 5.54 3.75
18 4.58 .69 1.95 4.38 3.00
19 5.69 .74 1 .90 3.50 2.37
20 5.72 . 73 1.90 3.46 2.36
21 6.29 .73 1 .88 3. 13 2. 13
22 7.76 .86 1.80 2.53 1.70
23 8.55 .88 1.80 2.31 1.56
24 8.55 .77 1.82 2.29 1.56
25 9.26 .88 1.79 2. 18 1.45
26 9.26 .90 1.77 2. 15 1.44
27 9.26 .83 1.80 2. 13 1.44
28 9.60 .96 1.72 2.07 1.38
29 9.66 .84 1.77 2.02 1.38
30 10. 18 1 . 14 1.22 1.67 1. 14
31 10.24 1.00 1 .38 1.73 1. 15
32 10.25 1.02 1 .37 1 .69 1. 16
33 10.89 1 . 16 1. 15 1.53 1.07
34 10.90 1.22 1. 13 1.85 1. 10
35 1 1.43 1.27 .99 1.63 1.04
36 11.52 1.24 .98 1.46 1.00
3? 11.52 1.30 .97 1.70 1.05
38 1 1.56 1.20 1.09 1 . 38 1.03
39 1 1.57 1.20 1.05 1.46 1.01
40 12.59 1. 15 1.07 1.38 .96
41 12.59 1.04 1.29 1.42 .99
42 13. 15 .89 1.43 1.38 .95
43 13. 15 1.01 1.27 1.33 .94
44 14.46 .80 1.50 1.27 .88
45 14.51 .81 1.49 1.25 .87
46 15.88 .78 1.63 1.23 .86
47 15.90 .72 1.73 1.25 .87
48 18.02 .71 1.69 1. 12 .78









Cd Cm Cfmax Carms
59 20.43 .67 1.74 1.04 .72
51 20.45 .67 1.74 1.05 .72
52 23.28 .66 1.72 .93 .65
53 26.83 .65 1.72 .84 .60
54 29.78 .62 1.74 .76 .56
55 32. 10 .62 1.73 .73 .53
56 34.65 .60 1.76 .71 .51
57 34.65 .60 1.78 .71 .51
58 36.91 .58 1.82 .71 .49
59 36.97 .59 1.79 .68 .49
60 37.06 .62 1. 78 .72 .50
61 37.09 .61 1.79 .72 .50
62 37. 1 1 .59 1.80 .71 .42
THERE ARE 62 DATA PAIRS STORED AS (X,Y) IN FILES: ]
and DSDCA
DSDCD. . DSDCM. . DSDCF
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IN-LINE FORCE COEFFICIENTS FOR SMOOTH CYLINDERS
BETA = 11525 , k/D =
Cd Cm Cf max Carms
1 .83 1. 54 2.84 25.32 17. 15
2 .83 1.42 2.84 25.21 17.89
3 1 . 18 1.22 2.84 18.82 12.91
4 1. 13 1.85 2.84 18.61 12.62
5 1. 13 1.89 2. 84 18.56 12.61
6 1.41 1.88 2.84 15.81 18. 14
7 1.46 .97 2. 84 14.43 9.76
8 1.56 .72 2. 83 13.32 9. 10
9 1.56 .72 2.84 13.44 9. 14
18 1.57 .91 2. 84 13.23 9.06
11 2. 11 .68 2. 83 9.88 6.72
12 2. 12 .61 2.84 9.77 6.72
13 2.52 .61 2.83 8. 15 5.61
14 2.54 .58 2.83 8.88 5.58
15 2.99 .59 2.81 6.84 4.71
16 2.99 .53 2.81 6.83 4. 78
17 3.88 .58 2. 81 6.82 4.68
18 3.54 .61 2.88 5.71 3.92
19 3.56 .57 1. 99 5.64 3.98
28 3.56 .63 1.99 5.63 3.91
21 4. 19 .56 1.98 4.77 3.31
22 4.21 .62 1.98 4. 74 3.29
23 5.81 .58 1.95 3.92 2.74
24 5.83 .58 1.95 3.91 2.73
25 6. 13 .62 1.92 3. 15 2.22
26 6. 14 .64 1.92 3. 17 2.21
2? 7.68 .77 1.87 2.55 1.76
28 7.6? .78 1.88 2.54 1.76
29 9.23 .73 1.82 2. 11 1.44
38 9.23 .79 1.31 2. 16 1.45
31 9. 77 .77 1.65 1.91 1.28
32 9.78 .82 1.62 1.87 1.27
33 18.86 .85 1. 46 1.61 1.89
34 18.86 .84 1.47 1.62 1.89
35 18.86 .83 1. 44 1.59 1.87
36 18.86 .87 1. 44 1.62 1.88
37 11.74 .87 1. 36 1 . 44 .99
38 1 1. 74 .86 1. 41 1.47 1 .88
39 1 1.88 .87 1.42 1 . 49 1.81
48 12.28 .86 1.45 1.44 .99
41 12.28 .85 1. 44 1.45 .99
42 12.43 .82 1. 46 1.42 .97
43 12.71 .82 1.46 1.39 .96
44 12.96 .79 1.48 1. 39 .94
45 13.27 .75 1.52 1.37 .93
46 13.29 .71 1.75 1.49 1.82
47 13.38 .67 1.79 1. 49 1.82
48 13. 38 .67 1. 75 1.47 1.88




IN-LINE FORCE COEFFICIENTS FOR SMOOTH CYLINDERS
BETR = 11525 , k/D =
Cd Cm Cfmax Cams
58 15.81 .70 1.68 1.25 .85
51 15.81 .71 1.63 1.20 .84
52 20.85 .66 1.70 1.01 .69
53 20.87 .66 1.68 1 .00 .69
54 26.62 .63 1.71 .82 .59
55 31. 14 .62 1.70 .75 .54
56 31. 19 .62 1.71 .74 .54
57 35. 18 .61 1.75 .70 .51
58 35.21 .61 1.75 .71 .51
59 36.84 .60 1.74 .70 .49
69 36.96 .60 1.79 . 71 .50




















































63. 138 . 124
42 DATA PAIRS STORED
2 6.684 .385
4 8. 191 .71
6 9.599 .791





18 17.235 . 782









38 47.752 . 189
40 52.487 . 136
42 63. 167 . 122












































































48. 167 . 132
50.934 . 126
51.629 . 119
71 DATA PAIRS STORED
e. 3.939 .279










24 10. 976 1.651
26 1 1 .426 1.611
28 11.921 1.49
30 12.426 1. 424
32 13. 102 1.407
34 13.575 1.286
36 14.084 1.26











60 28.715 . 197
62 33.578 . 173
64 38.846 . 153
66 44.739 . 125
68 50.864 . 127
70 51.536 . 116
72
AS (X,Y) IN FILE NO: BSLCL
120
APPENDIX B:
RMS VALUE OF THE LIFT FORCE FOR SMOOTH CYLINDERS

















113 DflTfi PAIRS STORED
102 34. 105 . 136
104 34.986
. 132
106 37.041 . 142




112 43.463 . 115
114











































































































16 9. 354 .404
18 9.48 . 4
20 9. 711 . 575
22 9.82 1 . 154
24 9.867 1 . 154
26 10. 106 1 . 424
28 10. 184 1 . 39
30 10.627 1 .489
32 10.349 1.449
34 10.572 1.499
36 11. 195 1 .48
38 11.676 1.382
40 1 1.751 1.428
42 12.604 1.291
44 12.628 1 .204
46 12.655 1.224
48 13.203 1.062
50 13.536 1. 12
52 13.618 .9
54 14. 163 .521



















94 24.57 . 18
96 26.636 .2
98 31.364 . 161






THE LIFT FORCE FOR SMOOTH CYLINDERS






















































22 1 1 1.331











46 23.42 . 172
48 28.86 . 196
50 33.82 . 158
52 34.42 . 159








FORCE FOR SMOOTH CYLINDERS
CL< 1) CL<2 > CL<3> CL<4) CL< 5 >
4. 953 .092 .088 .003 .023 .005
6.684 .074 .207 .065 .062 .017
6.684 . 102 .334 .09 .056 .012
3.191 .061 .504 .046 . 107 .006
8. 191 .065 .775 .055 .099 .013
9.599 .033 .271 .029 .08 .007
9.621 .068 .488 .065 . 132 .018
1 1.661 .549 1.889 .333 .467 .082
1 1 . 661 .407 1.959 . 172 .441 . 106
11.911 .221 2.025 .247 .464 .089
13.538 .287 1.558 .315 .53 .021
13.538 .278 1.725 .243 .536 .093
14. 914 .085 1.206 .216 .602 .06
15.221 .08 1.3 . 119 .567 .044
15.227 .075 1.218 .098 .603 .031
15.25 . 118 1. 135 .249 .592 .022
17. 134 .025 .857 .068 .506 .037
17.235 .054 .657 .274 .488 . 16
13. 1 .061 .694 . 13 .517 .051
18. 135 .089 .659 . 195 .475 . 1
18. 1 39 .082 .65 . 133 .522 .078
19. 362 . 113 .449 .49 .376 . 179
21.365 . 135 .057 .61 . 149 .302
21. 337 .059 .081 .591 . 112 .278
25.838 .028 .099 .202 .277 .217
25.909 .037 . 105 . 105 .407 . 122
30. 353 .026 .012 .018 .094 . 138
30.858 .014 .039 .018 . 074 .096
32. 565 .003 .013 .03 .045 .086
32.579 .031 .027 .028 .073 . 191
35.364 .016 .028 .031 .051 .061
38. 466 .012 .033 .031 .024 .082
38. 495 .013 .039 .03 .02 .042
42.803 .033 .011 .008 .046 .03
42.832 .02 .033 .024 .007 .007
47.652 .01 .044 .018 .055 .003
47. 752 .03 .016 .023 .023 .023
52.416 .015 .046 .026 .037 .024
52.437 .024 .034 .035 .032 .014
63. 1 38 .033 .038 .013 .031 .021
63. 167 .036 .031 .022 .027 .004
THERE ARE 41 SINGLE POINTS IN FILES:




















6.684 .013 .003 .003 .001
6.634 .009 .002 .002 .002 .001
3.191 .008 .011 .001 .006 .001
3. 191 .01 1 .007 .01 1 .006 .003
9. 599 .019 .004 .013 .005 .003
9.621 .024 .017 .006 .001 .003
1 1 . 661 .059 .032 .021 .008 .007
11.661 .061 .029 .018 .006 .007
11.911 .048 .041 .01 1 .019 .009
13. 533 .086 .031 .011 .009 .001
13. 538 .086 .068 .016 .032 .01 1
14.914 .089 .017 .006 .007 .01
15.221 .084 .023 .008 .003 .001
15.227 .078 .029 .01 1 .019 .008
15. 25 .067 .024 .013 .009 .008
17. 134 .063 .012 .003 .006 .004
17. 2 35 .092 .056 .021 .009 .012
13. 1 .089 .022 .024 .01 .007
IS. 105 .087 .028 .012 .006 .004
18. 139 .074 .029 .017 .016 .007
19.362 .037 .01 .026 .004 .016
21.365 .075 .067 .03 .012 .016
21.337 .056 .072 .013 .017 .014
25. 338 . 109 .089 .02 .032 .014
25. 909 . 186 .05 .043 .008 .008
30.358 .051 .075 .032 .014 .02
30.853 .056 .091 .026 .037 .021
32. 565 .044 .037 .034 .009 .019
32.579
. 121 . 122 .051 .007 .005
35.364 .QS? .057 .025 .025 .039
38. 466 .096 .048 . 1 .005 .031
38. 495 .061 .041 .078 .036 .032
42. 803 .01 .058 .005 .045 .019
42.832 .023 .007 .028 .005 .016
47.652 .811 .022 .008 .015 .028
47.752 .049 .003 .039 .021 .012
52.416 .019 .021 .031 .029 .021
52.437 .012 .027 .024 .026 .016
63. 133 .016 .017 .01 .023 .019
63. 167 .001 .021 .016 .01 .016
THERE ARE 41 SINGLE POINTS IN FILES: .
.
.RSLHK. . .RSCL6











CL<1> CL<2) CL<3) CL<4) CL< 5 >
3.937 .084 .015 .011 .005 .001
3.939 . 115 .013 .017 .003 .001
4.62 .084 .028 .006 .003 .003
4.974 .Q7? .023 .01 .001 .002
5. 027 .054 .059 .004 .004 .003
5.034 .088 .061 .019 .007 .003
5.734 .07 .051 .007 .005 .002
5.743 .095 . 152 .038 .018 .01
7. 042 .016 .216 .044 .044 .007
7.077 .007 . 319 . 096 .043 .022
S. 003 .085 .374 .083 .077 .019
8. 06 3 .018 .434 .016 . 107 .003
8. 107 .089 .541 .094 .092 .025
8.633 .045 .653 .029 . 128 .01
3.665 .054 .069 .065 .029 .017
9.462 .046 .764 . 161 . 148 .039
9.615 .02 .511 . 114 . 11 .034
9.823 .021 2. 14 .061 .565 .012
10. 0O8 . 112 2.049 .211 .457 . 127
10.462 . 119 2.223 . 154 .538 .073
10.518 .349 2. 126 .353 .517 . 153
10.736 . 139 2.226 .096 . 544 .051
10.759 .275 2. 144 .28 .532 . 126
10.976 .043 2.236 .058 .554 .015
1 1 .303 2. 113 .324 .488 . 134
11.426 .314 2. 145 . 149 .557 .098
11 .435 .049 2.043 .077 .545 .054
1 1 .921 .264 1.964 . 123 .579 .081
1 1 . 968 . 151 2.091 .066 .554 .051
12.435 . 128 1.888 .065 .585 .055
12.518 . 129 1.945 . 158 .54 .064
13. 165 .097 1.803 . 123 .585 .017
13. 1 12 . 123 1.762 . 165 .561 .044
13.639 .015 1.672 .01 .543 .02
13. 704 . 118 1.544 . 143 .593 .031
14. 151 .04 1.458 .019 .541 .013
14. 174 .093 1.387 . 164 .508 .036
14.854 . 109 1.208 . 104 .531 .023
14. 859 .031 1.267 . 121 .521 .024
15. 468 .057 .989 .098 .527 .027
15. 496 .009 1.068 . 197 .546 .041
16.441 .055 .834 .072 .528 .023
16. 529 .014 .856 . 107 .57 .018
17. 321 .047 .712 .048 . 484 .034




HARMONICS OF THE LIFT FORCE FOR SMOOTH CYLINDERS
BETA = 3435 , k/D =
CL<1) CL<2> CL(3) CL<4) CL<5 )
17.442 .097 .648 . 141 .506 .085
17.484 .019 .617 ,348 .426 . 156
18.332 .084 .534 .224 . 451 .07
18.563 .08 .201 .747 . 147 .39
18. 572 .064 .039 . 799 .047 .418
18.618 . 15 .463 .619 .327 .254
18.633 .027 .043 .292 .429 . 154
18. 718 .039 .061 .668 .015 .308
18. 741 .084 .091 .655 .276 .357
22. 134 .056 .028 . 147 . 175 .091
22.231 .039 . 088 .076 .015 .034
23.331 .04 .026 .08 .039 .033
25 . 889 .004 .052 . 126 .299 . 136
28.599 .044 .023 .064 .094 .062
28. 715 .026 .038 .031 .03 . 12
33. 578 .015 .034 .028 .024 .048
33. 578 .012 .043 .025 .037 .031
33. 738 .013 .035 .022 .021 .052
38. 846 .02 .053 .019 .035 .029
44.612 .005 .042 .01 1 .021 .019
44. 739 .015 .041 .013 .005 .01
48. 167 .015 .043 .013 .028 .025
50. 364 .017 .058 .013 .034 .017
50. 934 .017 . 044 .018 .032 .025
51 . 5 36 .006 .039 .009 .031 .008
51 . 629 .004 .053 .014 .03 .024




































9.82 3 . 145
10. 008 .077
10. 462 . 124
10. 518 . 122




1 1.426 . 119
1 1.435 . 114
1 1.921 . 115
1 1 . 963 . 117
12. 435 . 1 1
12.518 . 109
13. 165 .111
13. 1 12 .099
13. 639 .096








16. 529 . 125

















































































































17.434 .074 .815 .032 .004 .017
18.332 . 112 . 006 .02 .007 .01
18. 563 . 044 . 107 .019 .034 .012
18.572 .011 . 129 .009 .056 .009
18.618 .086 .847 .016 .009 .009
19.633 .23 .027 .063 .005 .01
19. 718 .019 .051 .005 .011 .005
19.741 . 137 .094 .05 .021 .017
22. 134 .063 .034 .013 .015 .007
22. 231 .022 .01 1 .018 .011 .005
23.331 .062 .029 .03 .013 .007
25. 309 . 131 .063 .02 .007 .005
28. 599 .035 .069 .013 .038 .022
28. 715 .017 .096 .009 .028 .007
33. 578 .042 .025 .033 .006 .008
33. 578 .032 .033 .003 .017 .014
38.738 .006 .022 .004 .02 .008
38.846 .027 .016 .01 1 .01 .028
44.612 .01 .007 .012 .025 .008
44. 739 .016 .011 .01 1 .01 .02
48. 167 .015 .015 .005 .013 .006
50. 864 .012 .013 .021 .007 .017
50. 934 .886 .012 .012 .013 .01
51 .5 36 .812 .005 .017 .005 .011
51 . 629 .821 .015 .02 .016 .01
THERE ARE 71 SINGLE POINTS IN FILES:
.
. .BSLHK. . .BSCL6












CL<1> CL<2) CL<3) CL<4) CL< 5 )
7.569 .031 .347 .047 .055 .015
8.659 .045 . 469 .035 . 11 .001
9.31 9 .033 .229 .237 .083 .056
9.84 .041 1.734 .099 .548 .071
9.781 .062 .441 .095 .099 .024
9.71 .037 .29 . 105 .063 .021
10. 106 .079 .965 .055 .237 .037
11. 183 .06 .999 .021 .224 .008
11 . 195 .079 .967 .036 .233 .02
11.672 .064 .897 .088 .234 .036
12. 604 .096 1. 729 .079 .469 .017
13. 536 .077 . 705 .099 .212 .037
13. 556 .035 .629 .014 .219 .01 1
13.618 .069 .527 .066 .222 .02
14. 813 .064 .352 .05 .227 .027
15.592 .034 .012 .276 .013 . 131
16. 054 .026 .059 .206 .08 .096
18.511 .042 .021 . 174 .083 .067
22. 338 .026 .035 .095 . 106 . 109
24.57 .04 .008 .072 .049 .052
31 .539 .021 .016 .016 . 04 .028
37.022 .022 .032 .02 .031 .037
THERE ARE 22 SINGLE POINTS IN FILES:


















8.659 .016 .001 .005 .003 .001
9.319 .02 .013 .002 .004 .001
9.84 . 136 .041 .043 .023 .011
9.
"




.013 .01 .006 .004 .001
10 106 .048 .016 .01 1 .007 .003
1 1 133 .05 .006 .013 .003 .003
1 1 195 .048 .008 .012 .005 .005
1 1 672 .046 .01 .008 .003 .001
12 604 . 087 .008 .014 .002 . 004
13 536 .033 .01 .002 .002 .002
13 556 .032 .006 .004 .003 .002
13 618 .038 .007 .003 .003 .001
14 813 .05 .001 .006 .002 .002
15 592 .015 .035 .008 .009 .005
16 054 .036 .028 .01 .008 .005
18 511 .036 .018 .014 .02 .006
22 338 .06 .07 .018 .025 .003
24 57 .057 .043 .041 .014 .015
31 539 .016 .059 .016 .047 .004
37 022 .047 .039 .032 .011 .015
THERE ARE 22 SINGLE POINTS IN FILES


















6.653 .041 .006 .009 .009 .007
7.733 .062 . 138 .043 .033 .01
9. 1 12 .066 .571 .019 . 109 .003
9. 502 .086 1.449 . 113 .382 .069
10. 249 .035 1.726 .046 .481 .04
10.262 .058 1.615 .02 .495 .031
10. 948 .05 1.905 .061 .412 .025
1 1 . 009 .023 1.802 .036 .428 .009
12.232 . 165 1.417 . 156 .435 .038
13.538 .043 .814 .055 .468 .027
14. 838 .028 .089 .339 .084 . 13
14.838 .072 . 119 . 177 .264 . 041
15. 777 .052 .063 .254 . 126 .084
15.828 .032 . 124 .245 . 153 . 1
17.35 .023 .073 .037 .031 .006
17.367 .035 .096 .085 .31 .035
17.393 .041 .043 .Q66 . 158 .024
19.912 .015 .037 . 104 .238 .081
19.921 .047 .042 .233 . 136 . 136
20.031 .018 .005 .037 .064 .018
23.416 .017 .022 . 116 .018 .09
23.416 .045 .035 .096 .016 .034
28.846 .016 .013 .033 .011 .086
28.365 .018 .026 .05 .012 .092
33.818 .026 .021 .021 .006 .036
34. 361 .033 .032 .003 .022 .037



















6.653 .003 .003 .001 .001 .001
7.733 .002 .004 .002 .003 .002
9. 112 .007 .005 .003 .003 .002
9.502 .082 .038 .026 .02 .01
10 249 . 104 .019 .032 .01 .008
10 262 .111 .019 .032 .013 .007
10 948 .084 .004 .013 .001 .003
11 009 .082 .005 .018 .002 .001
12 232 .^76 .02 .017 .006 .005
13 538 . 109 .004 .01 1 .002 .006
14 838 .043 .021 .006 .008 .003
14 838 . 105 .017 .017 .006 .005
15 777 .075 .013 .03 .009 .014
15 828 .082 .032 .025 .01 .01
17. 35 .011 .01 .009 .012 .009
17. 367 . 156 .006 .037 .009 .013
17 393 .09 .007 .023 .005 .01
19 912 . 152 .039 .047 .009 .012
19 921 .085 .046 .033 .012 .007
20 031 .05 .019 .006 .01 .006
23 .416 .027 .08 .03 .025 .015
23 .416 .03 .017 .033 .007 .017
23 846 .031 .052 .03 .014 .011
28 865 .014 .073 .015 .017 .003
33 318 .045 .038 .043 .004 .013
34 361 .051 .013 .037 .015 .008












IN-LINE FORCE COEFFICIENTS FOR ROUGH CYLINDERS
BETR = 2412 , k/D = 1/50
Cd Cm Cf max Carms
1 1. 14 1.30 2. 10 19. 38 12.85
2 1 . 14 1.51 2. 10 18.76 12.84
3 1 . 14 1.37 2. 1 1 19.33 12.88
4 1.20 1.50 2. 11 18. 13 12.30
5 1.20 1 .46 2. 12 18.58 12.37
6 1.21 1.36 2.09 18. 19 12.06
7 1.21 1.35 2. 11 18.71 12. 16
8 1.21 1.32 2. 12 18.44 12.20
9 1.42 1.07 2.09 15.73 10.26
10 1.42 1.09 2.09 15. 13 10.27
11 1. 44 1. 15 2.09 15.06 10. 15
12 1.44 1. 15 2.09 15.33 10. 17
13 1 . 44 1.23 2.09 15.35 10. 19
14 1. 44 1. 18 2. 10 15.43 10.20
15 1.79 1 . 10 2.08 12. 14 8. 15
16 1.79 1.03 2.09 12.34 8. 18
17 1.80 1 .09 2.09 12.02 8. 12
18 2. 16 .99 2.08 10. 11 6.75
19 2. 17 1.05 2.09 9.99 6.73
29 2. 18 1.00 2.08 9.89 6.69
21 2.33 1.01 2.06 9.24 6.20
22 2.33 1.04 2.07 9.26 6.21
23 2.34 .95 2.06 9.24 6. 17
24 2.58 .99 2.06 8.33 5.61
25 2.58 .98 2.06 8.39 5.60
26 2.93 .99 2.04 7.29 4.89
27 2.93 1 .00 2.04 7.30 4.90
28 2.93 1.02 2.04 7.33 4.90
29 3.52 1 . 02 2.01 5.99 4.04
30 3.52 1 .03 2.02 6.01 4.05
31 3.85 1.04 2.00 5.39 3.67
32 3. 87 1.09 2.00 5.42 3.66
33 4. 77 1. 13 1 .95 4.32 2.92
34 4. 78 1.09 1. 94 4.27 2.90
35 4.79 1.21 1.95 4.27 2.91
36 5.54 1.20 1.89 3.65 2.49
37 5.55 1.34 1 .90 3.61 2.49
38 6. 77 1.39 1.78 2.94 2.00
39 6.78 1 .39 1.76 2.89 2.00
40 6.78 1.40 1.77 2.83 2.01
41 6.99 1.36 1.71 2.76 1.91
42 7.00 1.28 1.73 2.78 1.92
43 7.01 1.42 1.78 2.82 1 . 94
44 7.68 1.43 1 .66 2.57 1.76
45 7. 70 1 .76 1 .66 2.53 1 .76
46 8.09 1.68 1.47 2. 71 1.68
47 3. 16 1.71 1 . 49 2.67 1.65
43 8.25 1 .70 1.45 2.48 1.63




IN-LINE FORCE COEFFICIENTS FOR ROUGH CYLINDERS
BETA = 2412 , k/D = 1/50
Cd Cm Cfmax Carms
50 8.26 1.69 1.46 2.59 1.62
51 8.32 1.78 1.43 2.63 1.60
52 8.65 1.79 1.39 2. 73 1.58
53 8. 76 1.79 1.32 2.71 1.54
54 8.79 1.82 1.33 2.76 1.54
55 8.99 1.85 1.30 2.82 1.53
56 9.47 1.90 1.24 2.86 1.48
57 9.80 1.96 1 .21 2.71 1.47
58 10.36 1.98 1. 15 2.77 1.45
59 10.40 1 .99 1 . 04 2.63 1.41
60 10.61 1.97 1. 10 2.71 1.43
61 10.62 2. 00 1.05 2.86 1.43
62 10. 63 2. 01 1.00 2.50 1.41
63 10. 70 1. 89 .97 2. 67 1. 41
64 1 1 . 53 1.86 1. 12 2. 63 1.37
65 12.05 1.82 1.06 2.52 1. 32
66 12.91 1 .88 1 . 16 2. 17 1 . 30
67 13. 40 1.87 .99 2.20 1 . 30
68 13.40 1.82 1.00 2.32 1.28
69 13.40 1 . 76 1.04 2.25 1.26
70 14. 10 1 .80 1 .01 2. 10 1.22
71 14. 18 1.71 1. 14 2. 15 1.25
72 14.98 1.64 1.20 1.94 1. 19
73 15.03 1.81 1.00 1.85 1. 13
74 16.08 1.81 1. 17 2.01 1.21
75 16. 10 1.87 1.11 2. 11 1.21
76 16. 10 1.94 1. 13 2. 17 1.24
77 17. 16 1. 89 1. 12 2.47 1.29
78 17. 19 1 .82 1. 10 2.29 1.25
79 17.26 1.88 1.04 1 .99 1. 18
30 17.48 1 .89 1.09 2.32 1.24
81 18.29 1 .86 1.08 2. 38 1.24
32 18.30 1 . 72 1. 17 2.28 1.24
33 18. 40 1 .67 1. 14 1.92 1. 15
34 19. 17 1 . 84 1. 19 1.88 1. 10
35 19.78 1 . 73 1.05 2. 13 1. 19
36 19. 78 1.67 1. 12 1.86 1. 13
37 19.80 L.76 1.24 1.82 1.11
38 21 .04 1 .78 1. 12 1.99 1. 14
39 21.40 1.72 1 .06 2.07 1. 16
90 21 .44 1.71 1. 17 1 .93 1. 12
91 21. 44 1.66 1.24 2.03 1. 12
92 21 .49 1 . 71 1 .24 1.90 1. 10
93 23. 17 1.73 1. 15 2.00 1.11
94 23.32 1.63 1. 10 1 . 73 1 . 12
95 23.32 1.63 1. 18 1.79 1.06
96 23.33 1.59 1. 13 1.80 1.06
97 23.47 1.78 1. 13 1.77 1.03
98 25.26 1.69 1.08 1.99 1. 14




IN-LINE FORCE COEFFICIENTS FOR ROUGH CYLINDERS
BETA = 2412 , k/D = 1/58
Cd Cm Cfmax Carms
100 25.26 1 .68 1. 14 2. 13 1. 13
101 27.45 1 .6? 1.11 1.83 1.07
102 27.49 1 .69 1. 13 1.94 1.07
103 27.49 1 .66 1. 17 1.92 1.09
104 27.51 1 .61 1.22 1.83 1.07
105 29.33 1 .58 1.21 1 .80 1.03
106 31.39 1 .59 1. 10 1.75 1.00
107 31.40 1 .64 1. 19 1.70 1.01
108 32.96 1 .61 1. 10 1.70 1.03
109 33.09 1 .60 1. 14 1.65 1.02
1 10 33. 10 1 .57 1.21 1.64 1.02
1 1 1 35.73 1 .62 1.22 1.67 .99
1 12 35.74 1 .54 1.23 1.75 1.03
1 13 37.40 1 .57 1.21 1.61 .97
1 14 37.40 1 .51 1.21 1.58 .99
1 15 37.40 1 .51 1.29 1.60 .95
1 16 38.92 1 .52 1.20 1.57 .95
1 1? 38.94 1 .53 1.07 1.64 .95
1 18 38.95 1 .56 1.21 1.58 .96
1 19 41.29 1 .52 1. 15 1.65 .98
120 41.35 1 .50 1. 16 1.63 .95
121 41.35 1 .53 1.26 1.53 .95
122 43.92 1 .53 1 . 10 1 . 63 .95
123 43.96 1 .54 1. 14 1.62 .95
124 43.99 1 .51 1. 19 1 . 58 .96
125 47.00 1 .50 1. 14 1.67 .95
126 47.02 1 .51 1.21 1 .60 .94
12? 47.03 1 .53 1.26 1.60 .94
128 49.50 1 .53 1. 16 1.76 .95
129 49.51 1 .52 1. 18 1.67 .95
1 30 49.56 1 .51 1.32 1.62 .95
1 31 54.73 1 .48 1. 17 1.69 .94
132 54.87 1 .52 1. 10 1 .56 .92
133 58.32 1 .48 1. 15 1.67 .95
1 34 58. 44 1 .46 1.28 1 . 53 .92
1 35 58.44 1 .46 1.29 1 . 55 .91
THEFE ARE 136 DATA PAIRS STORED AS ( X , Y :• IN FILES: FARDCD. . ARDCM. . ARDCF
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APPENDIX D:
IN-LINE FORCE COEFFICIENTS FOR ROUGH CYLINDERS
BETA = 3598 , k/D = 1/50
# K Cd Cm Lt max
21 .22
Carms
1 1.03 2.22 2.09 14.28
2 1.03 2.04 2. 10 21.33 14.29
3 1.03 2. 11 2. 10 21.11 14.22
4 1.04 2.07 2. 11 21.36 14.21
5 1.04 2. 18 2. 11 21.08 14. 18
6 1.05 2.03 2. 11 21.00 14.05
7 1. 19 1.89 2.09 18.27 12.31
8 1. 19 1.92 2. 10 18.34 12.33
9 1.20 1.92 2.09 18. 15 12.23
10 1.20 1.91 2. 10 18.27 12.32
11 1.36 1.72 2.09 16.05 10.79
12 1.36 1.80 2.09 16.09 10.79
13 1.36 1.75 2. 10 16.02 10.83
14 1.36 1.78 2. 10 16. 14 10.84
15 1.59 1.52 2.09 13.61 9.21
16 1.59 1 . 51 2. 10 13.69 9.23
17 1.59 1 .53 2. 10 13.61 9.22
18 1.60 1.56 2.09 13. 73 9. 17
19 1.87 1.32 2.09 11.62 7.85
20 1.87 1.40 2.09 11.68 7.87
21 1.87 1.36 2. 10 11.68 7.88
22 2.25 1.27 2.06 9.54 6. 43
23 2.25 1.28 2.07 9.52 6.44
24 2.26 1.28 2.06 9.43 6.39
25 2.27 1.22 2.06 9.43 6.37
26 2.48 1.21 2.06 8.60 5.82
27 2.49 1.22 2.05 8.60 5.78
28 2.49 1. 19 2.06 8.58 5.81
29 2.94 1.07 2.05 7.28 4.89
30 2.94 1.07 2.05 7.28 4. 90
31 2.94 1.11 2.05 7.28 4.91
32 2.95 1.04 2.05 7.23 4.88
33 3.46 1. 12 2.02 6. 10 4. 13
34 3.46 1. 13 2.02 6. 10 4. 14
35 3.46 1.05 2.03 6. 11 4. 14
36 3.54 1. 18 2.02 5.95 4.05
37 3.54 1 .06 2.03 5.93 4.05
38 3.55 1. 10 2.02 5.93 4.03
39 4.00 1.07 2.00 5.21 3.54
40 4.00 1.09 2.00 5.23 3.54
41 4.47 1. 15 1.97 4. 63 3. 15
42 4.47 1. 16 1.97 4.63 3. 16
43 4.47 1. 19 1 . 97 4.64 3. 16
44 4.73 1.23 1.96 4.38 2.98
45 4.74 1 .22 1.95 4. 33 2. 96
46 4.74 1.21 1.96 4.34 2.97
47 5.34 1. 30 1.90 3.78 2.60
48 5.34 1. 31 1.90 3.77 2.60





IN-LINE FORCE COEFFICIENTS FOR ROUGH CYLINDERS
BETA = 3598 , k/D = 1/50
Cd Cm Cfmax Carms
50 5.80 1.33 1.86 3. 44 2.38
51 5.82 1.34 1.88 3.50 2.40
52 5.84 1.32 1.87 3.46 2.37
53 6.59 1.41 1.80 3.03 2.09
54 6.62 1.48 1.76 2. 91 2.06
55 6.62 1.50 1.80 3.04 2. 10
56 6.63 1.46 1.76 2. 97 2.06
57 6.65 1.49 1.71 2.98 2.03
58 7.50 1.64 1.62 2.64 1.83
59 7. 50 1 .62 1.64 2.62 1.84
60 7.60 1.65 1.62 2.61 1.82
61 7.6Q 1.55 1.65 2.57 1 . 80
62 7.61 1.59 1.62 2.52 1.78
6 3 8.73 1.99 1.25 3.02 1.60
64 8. 74 1.92 1.31 2.80 1.59
65 8. 75 2. 00 1.26 2.97 1.60
66 9.82 2. 14 1.11 2.96 1.55
6? 9.82 1.99 1.25 2.76 1.53
68 9.83 2. 14 1.09 2.98 1.54
69 9.86 2. 15 1. 12 2.99 1.56
70 10.73 2. 18 .91 2.56 1 .48
71 10.73 2. 17 .93 2.77 1.48
72 10.74 2. 10 1.07 2.73 1.49
73 11.47 2. 1 1 1.02 2.85 1.46
74 1 1 . 48 2.09 1.05 2.70 1.45
75 11.49 2. 17 .88 2.71 1.46
76 11.51 2.06 1.02 2.70 1.43
77 12. 19 2. 13 .97 2.53 1.45
78 12.27 1.92 1. 13 2.41 1.34
79 12.30 2.07 .90 2.75 1.41
80 13.27 2.08 .90 2.74 1. 39
31 13.28 2. 00 .95 2.60 1.36
32 13.29 2.00 .95 2.59 1.36
33 14. 15 1.99 1.03 2.33 1.33
34 14. 17 1.92 1.01 2.41 1.29
35 14. 18 1.99 .91 2.33 1.33
36 14. 18 1.90 1.08 2.25 1.28
37 15. 15 1.82 1. 12 2.22 1.33
38 15. 15 1.82 1. 19 2. 17 1.26
39 15. 15 1.96 1.25 2.22 1.33
90 15. 18 1.93 1.00 2.38 1.29
91 15. 19 1.83 .99 2.30 1.23
92 15.86 1.97 1.09 2.31 1.30
93 15.86 1.96 1. 10 2.34 1.29
94 15.88 1.77 1.05 2.06 1.21
95 15.88 1.95 1.11 2.21 1.28
96 15.93 1.92 1. 15 2. 13 1.28
97 17.01 2.08 1. 12 2.68 1.37
93 17.02 2.06 1.04 2.64 1.36




IN-LINE FORCE COEFFICIENTS FOR ROUGH CYLINDERS
BETA = 3598 , k/D = 1/50
Cd Cm Cfniax Carms
1Q9 17.07 2.00 1.01 2. 35 1.29
101 17.84 2.04 1.06 2. 60 1.34
102 17.85 2.82 1. 18 2. 77 1.35
103 17.86 2.01 1.06 2. 39 1.31
104 17.87 2.04 1.00 2.57 1.33
105 17.91 1.90 1.03 2.23 1.24
106 18.83 1.91 .98 2.52 1.26
107 18.84 2.00 1.02 2.41 1.30
108 18.92 1.88 1.03 2. 16 1.22
109 21.31 1.85 1. 10 2.30 1.20
1 10 21.32 1.83 1. 12 2. 15 1 . 19
1 1 1 21.39 1.85 1.11 2. 25 1 .20
1 12 22. 17 1.76 1.24 1.98 1. 15
113 23.99 1.79 1.20 2. 15 1. 16
1 14 24. 90 1.70 1.27 1.98 1.11
1 15 24. 1 1 1.71 1.29 2. 10 1. 12
116 26.63 1.72 1. 14 1.85 1 . 10
1 17 26.77 1 .74 1.27 1 .91 1. 12
1 13 26.79 1.76 1.09 1.99 1. 13
119 30.06 1.72 1.09 1.91 1.09
120 30.09 1.72 1.25 1.89 1.09
121 30. 11 1.72 1.21 2.00 1. 10
122 30. 15 1.60 1.22 1.83 1 .02
123 30. 18 1.64 1. 23 1 .89 1.05
124 34. 11 1 .76 1. 12 1.91 1.11
125 34. 11 1 .66 1 .27 1 . 74 1.05
126 34. 18 1.75 1. 12 1 . 34 1. 10
127 37.68 1.60 1.26 1 . 6d 1 . 00
123 37.71 1.63 1.21 1. 74 1.03
129 41.71 1.60 1 .24 1 .69 1 .00
1 30 41.73 1.55 1.25 1. 64 .98
1 31 41.73 1.56 1.28 1.72 .98
132 41 .75 1.64 1. 15 1. 73 1.03
133 41.96 1.64 1. 16 1.75 1.03
1 34 45.80 1.59 1.28 1. 70 1.00
1 35 45.85 1.56 1.29 1.58 .97
THEFE ARE 135 DATA PAIRS STORED AS (. X , Y ) IN FILES: BRDCD. BRDCM. .BRDCF
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IN-LINE FORCE COEFFICIENTS FOR ROUGH CYLINDERS
BETR = 4924 , k/D = 1/50
Cd Cm Cf max Carms
1 . 99 1.92 2.03 21 . 43 14. 38
2
.99 1.73 2.04 21.67 14. 45
3 1 . 00 2. 1 1 2.03 21 . 15 14.26
4 1.21 1.57 2.04 17.58 1 1.82
5 1.21 1.53 2.04 17.61 1 1.80
6 1.57 1 .37 2.04 13.46 9. 1 1
-?
i 1.58 1.27 2.04 13.45 9.07
8 1.62 1.31 2.03 13.02 8.77
9 1 .84 1 . 00 2.03 1 1 . 40 7.72
10 1 .85 .99 2.03 1 1.38 7.66
1 1 1 . 85 .98 2.03 11.37 7.68
12 1 . 90 1 .00 2. 03 1 1 . 08 7. 49
13 2. 19 . 94 2.03 9.59 6. 49
14 2.25 1 .03 2.03 9. 33 6. 31
15 2. 74 1 . 04 2. 00 7.53 5. 14
16 2.74 .96 2. 00 7.57 5. 12
17 3.38 1.06 1.98 6.07 4. 13
18 3.38 1. 14 1.97 6.07 4. 12
19 4. 16 1.23 1.93 4. 84 3.31
20 4. 16 1.22 1.93 4.86 3.32
21 4. 38 1.26 1.92 4.59 3. 14
22 5.26 1.43 1.86 3.82 2.61
23 5.26 1 .41 1.86 3.81 2.61
24 5.87 1 .49 1.81 3.43 2.33
25 5.95 1.47 1.80 3.33 2.29
26 6.48 1.53 1.71 3. 00 2.07
27 6.50 1.59 1.67 2.94 2. 04
23 6.51 1.53 1.73 2.97 2.08
29 6.59 1 .60 1.64 2.82 1.99
30 6 . 66 1.55 1.68 2. 83 2.00
31 7.29 1.69 1.57 2.60 1 .84
32 7. 36 1.87 1.47 2.87 1.81
33 7.40 1.72 1.55 2.52 1.83
34 7.50 1.80 1.49 2.71 1.78
35 8.04 2.02 1.27 3. 17 1.68
36 8.04 2. 01 1.25 3. 18 1.67
37 8.56 2. 02 1 . 20 3. 10 1.67
38 8.57 2.09 1 .20 2.86 1.62
39 9. 09 2. 12 1. 13 3.00 1 .58
40 9. 10 2. 10 1. 15 2.95 1 .58
41 9.48 2. 21 1. 12 3.05 1.60
42 9. 48 2.25 1.07 3.08 1.60
4 3 9. 49 2.23 1.03 3. 14 1.58
44 9.86 2.23 1 . 04 2.98 1.59
45 9.86 2.23 .99 2.93 1.54
46 10.67 2. 19 .94 2.89 1 .50
47 10.67 2.25 .89 2.84 1.52
48 1 1.29 2.37 .83 2. 91 1.57









, k/D = 1/50
FOR ROUGH CYLINDERS
Cd Cm Cfmax Cams
50 11.34 2.32 .83 2.33 1.53
51 11.35 2. 19 1.00 2.73 1.50
52 11.63 2.24 . 70 2. 76 1.47
53 11.63 2. 14 .96 2.93 1.47
54 11.69 2.23 .76 2. 63 1.48
55 11.71 2. 14 .98 2. 36 1.47
56 12.85 2.33 .77 2.59 1.53
57 12.06 2.32 .77 2. 77 1.53
58 12.07 2. 18 1.02 2. 76 1.48
59 12. 13 2.28 .78 2. 60 1.51
60 12.67 2.33 .65 2. 65 1.52
61 12.67 2.24 .81 2.34 1.48
62 12.74 2.08 .96 2. 51 1.40
63 13.81 2. 14 .65 2. 56 1.46
64 13.04 2. 17 .81 2. 50 1.44
65 13.08 2. 15 .87 2. 48 1.44
66 13.28 2. 11 .78 2.57 1.40
67 13.29 2.03 .90 2.33 1.36
68 13.31 2.00 1.02 2.50 1.35
69 13.99 2.02 1. 12 2.48 1.36
70 14.00 2.04 .76 2.48 1.36
71 14.05 1.95 1. 13 2.29 1.32
72 14.24 2.01 .78 2.61 1.33
73 14.26 2.04 .85 2.52 1.35
74 14.32 1.98 1. 14 2.41 1.34
75 15.40 2.05 1.04 2.48 1.35
76 15.40 1.97 1.11 2.37 1.31
77 15.51 2.00 1.08 2.35 1.32
73 16. 78 2. 15 1.05 2.84 1.42
79 16.31 2. 11 1.03 2.76 1.39
30 16.83 2.09 .98 2.52 1.35
31 18.01 2.04 1 .03 2. 43 1.33
32 18. 10 2.02 1.05 2.56 1. 32
33 19.56 1.91 1.06 2.37 1.24
34 19.58 1.98 1. 10 2.60 1.30
35 20.92 1.81 1. 10 2. 18 1. 18
36 21.05 1.84 1.07 2.27 1. 19
37 22.51 1.73 1.09 2.20 1. 12
38 23. 18 1.80 1.07 2.36 1. 17
39 24.93 1.92 1. 13 2.33 1.23
90 24.93 1.84 1.11 2.22 1. 18
91 24. 97 1.74 1. 17 2.04 1. 12
92 27.04 1.77 1. 14 1. 86 1 . 13
93 27.04 1.82 1.08 2.06 1. 17
94 29.27 1.72 1. 19 2.07 1. 10
95 29.42 1.66 1.11 1.93 1.06
96 31 .38 1.72 1.21 1.90 1 .09
9 7 31.42 1.70 1. 15 1.91 1.08
98 31.55 1.69 1. 19 1.89 1 .08




IN-LINE FORCE COEFFICIENTS FOR ROUGH CYLINDERS
BETA = 4924 , k/D = 1/58
Cd Cm Cfmax Carms
100 33.72 1.70 1. 15 1.84 1.08
101 33. 78 1.69 1.2? 1.83 1.07
102 35.52 1.74 1. 12 1.8? 1.09
103 35.68 1.72 1. 16 2.00 1.09
104 37.33 1.61 1.20 1.75 1.01
105 37.52 1.61 1.21 1.73 1.01
106 38.00 1.66 1.29 1.83 1.04
10? 38.04 1.63 1.28 1.74 1.03






BETA = 6836 , k/D = 1/59
FOR ROUGH CYLINDERS
Cd Cm Cf max Carms
1 .94 2.22 2.01 22.64 15.86
2 .95 1.96 2.01 22.45 15.09
3 1. 15 1.67 2.02 18.50 12.34
4 1. 15 1.79 2.02 18.38 12.35
5 1.58 1. 14 2.03 13.36 8.98
6 1.58 1. 16 2.02 13.39 9.00
7 1.59 1.24 2.01 13.37 8.85
8 2.88 1.83 2.02 10.05 6.80
9 2.88 1.84 2.02 10. 18 6.82
10 2.88 1.82 2.01 10.07 6.79
1 1 2.43 1.86 2.01 8.58 5.80
12 2.45 1.84 2.00 8.53 5.74
13 2. 87 1.09 1.99 7. 18 4.87
14 2.88 1.07 1.98 7. 15 4.84
15 3.48 1 .24 1 .95 5. 84 3.98
16 3.48 1.22 1.95 5.86 3.98
17 4.26 1.40 1.89 4.68 3.21
18 5.27 1.51 1.84 3. 79 2.60
19 5.28 1.48 1.81 3.68 2.55
28 6.88 1.57 1.79 3.26 2.28
21 6.81 1.60 1.74 3.20 2.23
22 6.58 1.62 1.68 2.37 2.04
23 6.68 1.72 1.68 3.82 2.06
24 6.68 1.70 1.63 2. 33 2.01
25 7.56 1.98 1.39 2.72 1.78
26 7.56 2.04 1.37 3.04 1.80
27 8. 12 2. 13 1. 18 3.21 1.68
28 8. 13 2. 11 1. 17 2.31 1.66
29 8.98 2.20 1. 13 3. 12 1.63
38 9.82 2.24 1.01 3.07 1.60
31 9. 75 2.28 .91 3. 10 1.57
32 9.81 2.25 1.07 3.09 1.60
33 18.28 2.26 .91 2.96 1.56
34 18.28 2.21 1.04 2.88 1.56
35 18.28 2.23 .88 2. 90 1.53
36 18.91 2.42 .62 2.71 1.57
37 18.91 2.36 .66 2.88 1 .55
38 18. 91 2.42 .68 2.85 1.58
39 11.51 2.37 .67 2.75 1.55
48 11.51 2.32 .72 2.89 1.54
41 11.51 2.35 .69 2.87 1.55
42 11.51 2.41 .63 2. 78 1.57
43 11 .84 2.33 .64 2.79 1.52
44 1 1 .86 2.33 .71 2.80 1.55
45 12.83 2.31 .71 2.66 1.52
46 12.87 2.29 . 70 2.72 1.50
47 12.89 2.21 .78 2.82 1.47
48 13.25 2. 18 .85 2.65 1 . 44




IN-LINE FORCE COEFFICIENTS FOR ROUGH CYLINDERS
BETA = 6836
, k/D = 1/59
Cd Cm Cfmax Carms
50 13.71 2. 15 .75 2.61 1.41
51 13.78 2. 13 .38 2.49 1.41
52 14.81 2.06 1 .06 2.54 1.38
53 14.82 2.03 1.02 2.44 1.34
54 14.83 2.07 1.09 2.50 1.37
55 16. 16 2.07 1. 10 2.62 1.37
56 16. 16 2.06 1.09 2.46 1.34
57 16. 17 2. 11 1. 12 2.65 1.39
58 17.96 2.04 1.09 2.52 1.33
59 18.05 2.03 1. 14 2.63 1.35
60 18.06 1.90 1. 12 2.21 1.25
61 20. 18 1 .88 1. 17 2. 19 1.22
62 20.23 1 .84 1 .21 2. 05 1.21
63 20.28 1.78 1.23 2. 16 1. 17
64 22. 14 1.87 1. 14 2.25 1.21
65 22.27 1.82 1. 19 2. 12 1. 18
66 22.37 1.77 1.20 2. 19 1. 16
6? 22.38 1.81 1. 13 2.20 1. 17
68 24.70 1.86 1.26 2. 17 1.20
69 24.87 1.74 1. 15 1.97 1. 13
70 26.28 1.92 1. 13 2. 17 1.22
71 26.51 1.82 1. 15 2.09 1. 17
72 26.56 1.77 1.22 1.97 1. 13
73 28.26 1.86 1. 17 2. 15 1. 19
74 28. 34 1.73 1.21 1.92 1. 13
75 31.24 1.73 1.27 1.88 1. 10
76 31.26 1.63 1. 18 1. 75 1.03
77 31 .46 1.71 1.22 1.86 1.09
73 32.74 1.67 1. 18 1.77 1.06
79 32.92 1.82 1. 19 2.08 1. 15
30 33.09 1.76 1 . 14 2.01 1.11
31 33. 15 1.73 1. 18 1.88 1. 10
THERE PRE 81 DPTP PPIRS STORED PS <X,Y> IN FILES: DRDCD. DRDCM. . DRDCF
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APPENDIX D:
IN-LINE FORCE COEFFICIENTS FOR ROUGH CYLINDERS




























































































































































































































































































DATA PAIRS STORED AS (X,Y> IN FILES: CRDHCD . . CRDHCM . . CRDHCF
145
hppendix D:
IN-LINE FORCE COEFFICIENTS FOR ROUGH CYLINDERS
BETA = 14290 , k/D = 1/50
Cd Cm Cf max Carms
1 1. 15 1.75 2. 02 13. 1 1 12.22
2 1. 15 1.72 2. 03 18. 32 12.35
3 1. 16 1.67 2.03 18.32 12.27
4 1. 80 1. 13 2.03 11.70 7.89
5 1.81 1. 15 2.03 11.79 7.94
6 1.81 1.11 2.04 11.82 8.00
7 2.36 1. 13 2.02 8.36 6.00
8 2.37 1.11 2.02 8.37 5.98
9 2.77 1. 13 2.01 7.64 5. 18
10 2.77 1. 12 2.01 7.56 5. 15
1 1 3.56 1.31 1.96 5.76 3.93
12 3.57 1.30 1.96 5.76 3.91
13 4.88 1.56 1.86 4. 13 2.81
14 4.89 1.55 1.86 4. 13 2.82
15 5.84 1.65 1.77 3.34 2.33
16 5.87 1.73 1.80 3.53 2.38
17 6.99 1.86 1.56 2.76 1.94
18 6.99 1.93 1.50 2.69 1.92
19 7.73 2. 17 1.28 3.07 1.78
20 7.73 2. 18 1.23 2.90 1.75
21 7.73 2.21 1.25 3.31 1.78
22 8. 45 2.25 1.20 3. 17 1.71
23 8.49 2.31 1. 18 3.21 1.73
24 9.77 2.41 .90 3.05 1.63
25 9.77 2.35 .98 3.04 1.64
26 11.06 2.51 .63 2.90 1.65
27 11.11 2.37 .69 2.94 1.57
28 11.11 2.54 .66 2.84 1.64
29 12.48 2.30 .64 2.82 1.51
30 12.49 2.35 .66 2.8? 1.54
31 12.49 2.30 .71 2.82 1.52
32 13.74 2.02 1.08 2.49 1.37
33 13.74 2. 18 .94 2.59 1.44
34 13.77 2. 16 1.06 2.75 1.43
35 13.78 2.28 .86 2.7 3 1 .50
36 16.72 2. 17 1.09 2.90 1.44
37 16.83 2.09 1. 12 2.84 1.39
38 20.04 1.84 1.21 2. lO 1.21
39 20.06 1.87 1. 19 2.29 1.22
40 20.07 2.00 1. 16 2.52 1.31
41 26.48 1.78 1. 17 1.98 1. 14
42 26.48 1.80 1. 19 1.94 1. 16
43 26.53 1.72 1.23 1.92 1 . 10
44 26.54 1.76 1. 17 1.90 1. 13
45 29.86 1.63 1.24 1.77 1.05
46 29.86 1.67 1.21 1.80 1.07
47 29.86 1.66 1.25 1.84 1.07
48 31.90 1.75 1. 18 1.98 1. 10
49 31.90 1.76 1.22 1.91 1.11
50 31.90 1. 77 1.21 1.9E 1. 12
51 31.90 1.69 1. 18 1.8C 1.06
52 32. 17 1.66 1.27 1.72 1.05
53 32. 17 1.71 1.25 1.7fc 1.08
54 34.80 1 . 70 1.22 1. 71 1.07
55 34. 80 1.70 1.20 1.75 1.07
56 34. 80 1.69 1. 19 1.74 1.06




IN-LINE FORCE COEFFICIENTS FOR MARINE ROUGHENED CYLINDER




1 4.47 1.56 1.41 3.21
2 5.84 1.59 1.25 2.33
3 6.41 1.71 1.14 1.88
4 7.78 1.83 .87 1.91
5 9.31 1.87 .72 1.92
6 11.64 1.67 .97 1.67
7 13.03 1.64 1.00 1.70
8 15.51 1.60 .81 1.60
9 18.95 1.56 .88 1.59
10 21.23 1.64 1.15 1.68
11 22.44 1.62 1.07 1.70
12 23.88 1.54 1.17 1.54
13 29.33 1.60 .91 1.59
14 31.82 1.57 1.00 1.58
15 34.59 1.60 .96 1.64
16 42.26 1.51 .98 1.54
17 46.77 1.42 1.06 1.49
18 52.57 1.42 1.10 1.48
19 59.84 1.42 .98 1.47
THEFE ARE 19 DATA PAIRS STORED AS (X,Y) IN FILES: A 1 8KCD . . A 1 8KCM . . A 1 8KCF
APPENDIX D:
IN-LINE FORCE COEFFICIENTS FOR MARINE ROUGHENED CYLINDER
BETA = 10964 , k/D = 1/50, (Position A)
Cd Cm Cfmax
4. 13 2. 10 1.37 3.64
6.22 1.80 1.08 2.24

















HEFE ARE 19 DATA PAIRS STORED AS <X,Y) IN FILES: A38KCD . . A38KCM . . A33KCF
4 8.66 1.93 .58
5 10.53 1.85 .63
6 12.20 1 .61 1.00
7 15.04 1.73 .72
8 15. 74 1.69 .98
9 16.82 1.78 .80
10 18.65 1.61 .81
1 1 19.67 1.61 . 73
12 20. 92 1.56 .92
13 22.34 1.57 .84
14 27.53 1.66 .97
15 29.95 1.51 1.01
16 32.52 1.61 1.07
17 44.90 1. 58 .98
18 50.85 1.51 1 . 18
19 58.66 1.58 1. 14
147
appendix D:
IN-LINE FORCE COEFFICIENTS FOR MARINE ROUGHENED CYLINDER
BETA = 13724 , k/D = 1/50
,
(Position A)
K Cd Cm Cfmax
4.39 2.87 1.34 3.03
5.46 1.80 1.25 2.57
6.30 1.72 1.14 2.02
4 8.23 1.87 .82 1.60
5 9.26 1.73 .83 1.57
6 11.93 1.71 .94 1.23
7 12.23 1.70 .85 1.85
3 13.77 1.64 .94 1.73
9 15. 13 1.61 .92 1.96
10 17.60 1.68 .85 1.89
11 20. 98 1.67 . 88 1.82
12 24.00 1.57 .83 1.55
13 27.67 1.63 1.02 1.62
14 30.03 1.67 .91 1.65
15 40.33 1 . 60 1.09 1.61
16 44.97 1.55 1. 15 1.50
17 50.99 1.51 1 .00 1 .47
18 58.66 1.45 1.20 1.29
THEFE ARE 18 DATA PAIRS STORED AS < X , Y ) IN FILES: A58KCD . . A58KCM . . A53KCF
APPENDIX D:
IN-LINE FORCE COEFFICIENTS FOR MARINE ROUGHENED CYLINDER




1 4.51 2.00 1.33 2.90
2 5. 13 1.84 1.29 2.44
3 5.58 1.77 1.26 2.50
4 6.34 1.76 1.20 2.22
5 7.37 1.69 1.03 1.47
6 8.49 1.76 .74 1.77
7 10.99 1.95 .67 2.08
8 14.71 1.67 .89 1.82
9 18.01 1.66 .74 1.84
10 20.23 1.65 .81 1.71
11 23.00 1.60 .87 1.58
12 28.57 1.60 1. 15 1.55
13 31. 13 1.53 1. 13 1.50
14 33.90 1.63 .99 1.49
15 41.72 1.50 .95 1.33
16 46.55 1.48 1. 19 1.33
17 53.05 1.45 1.28 1.45
18 60.67 1.52 1.21 1.48
THEFE ARE 13 DATA PAIRS STORED AS ( X , Y ) IN FILES: A78KCD . . A78KCM . . A73KCF
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APPENDIX D:
IN-LINE FORCE COEFFICIENTS FOR MARINE ROUGHENED CYLINDER
BETA = 13122 , k/D = 1/58
t
(Position B)
# K Cd Cm Cfmax
1 5. 19 1 .87 1.45 2.97
2 7. 19 2.21 1 .04 2.42
3 9.05 2.24 .76 2.56
4 11.47 2.06 1.01 2.07
5 13.74 2.05 1.03 1. 14
6 15.07 2.08 1.08 2.33
7 16.71 1.99 1.04 2. 12
3 18.93 1 .38 1.05 1.90
9 21.47 1.76 1.09 1.73
10 26.57 1.64 1. 15 1.47
11 28.85 1.65 1. 14 1.65
12 31.27 1.62 1.02 1.52
13 38.26 1.68 1.09 1.77
14 42.54 1.59 .98 1.53
15 48.01 1.59 1.17 1.56
16 54.79 1.56 1.26 1.43
THERE ARE 16 DATA PAIRS STORED AS <X,Y) IN FILES: A98KCD . . A98KCM . . A93KCF
APPENDIX D:
IN-LINE FORCE COEFFICIENTS FOR MARINE ROUGHENED CYLINDER




1 5.14 1.93 1.48 2.99
2 6.00 2. 13 1.24 2. 41
3 7.16 2.33 .87 2.46
4 8.40 2.35 .77 2.45
5 9.69 2.42 .66 2.49
6 11.05 2.42 .49 2.45
7 12.73 2.16 .61 2.20
8 14.02 1.88 .97 1.95
9 15.38 1.85 1.02 1.87
10 18.21 1.87 1.19 1.92
11 20.42 1.72 1.18 1.54
12 23.28 1.67 1.25 1.47
13 25.11 1.75 1.01 1.63
14 26.29 1.88 1.11 1.95
15 29.41 1.77 1.12 1.84
16 32.31 1.82 1.05 1.75
17 39.99 1.63 1.00 1.62
18 44.49 1.56 .97 1.64
19 50.85 1.57 1.13 1.51







, k/D = 1/58
FOR ROUGH CYLINDERS



















































10 9.557 1 . 602
12 10.383 1.608
14 10.913 1.374
16 13.319 1. 187














46 47. 197 .598
48 47.434 .49
50 52.988 . 495










, k/D = 1/50
FOR ROUGH CYLINDERS






































































67 DATA PAIRS STORED
2 4.624 .201
4 4.969 .392







20 10.82 1 .538
22 11.885 1.407




32 15.096 1. 144
34 17.097 1.115
36 17. 124 1.215
38 17.916 1. 156
40 18. 188 1.005
42 19. 107 .953
44 19.83 .953












AS (X,Y) IN FILE NO: BRLCL
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APPENDIX E:
RMS VALUE OF THE LIFT FORCE FOR ROUGH CYLINDERS












































































































10 6.302 1. 16
12 6.392 .896
14 6.645 1.2






28 9. 143 1.666
30 10. 126 1.697
32 11.238 1.535
34 12. 19 1.396
36 13.074 1.212




46 15.972 1. 16
48 16.294 1. 145
50 16.356 1.015
52 17.419 1.2
54 17.993 1. 123
56 18.559 .968




66 21 . 447 .855
68 24.086 .971





















, k/D = 1/50
FOR ROUGH CYLINDERS
CI rms CI rms
1 3.776 . 17 2 3.776 . 129
3 4.042 . 16 4 4.044 . 151
5 4.707 .357 6 4.709 .347
< 5.416 .563 8 5.456 .961
9 5.481 .617 10 5.724 .925
1 1 5.82 1.053 12 6. 15 1. 199
13 6. 156 .955 14 6.837 1 .32
15 6.853 1 .333 16 6.882 1 .613
17 7.532 1 . 646 18 7.54 1 .565
19 7.928 1. 73 20 7.964 1 .642
21 9.012 1.627 22 9.022 1 .635
10.03 1.563 24 10. 1 17 1.514
C c" 1 1. 178 1 .507 26 1 1. 188 1 .532
o **• 12. 512 1. 341 28 12.535 1.298
29 14. 715 1.231 30 14. 735 1. 189
31 17.624 1.114 32 17.699 .973
19.523 .946 34 19.62 .842
21.358 .676 36 21.375 .9
37 23. 121 .995 38 23.213 1.015
39 23.279 .843 40 24.294 .905
41 24.302 .967 42 24.502 .805
43 26.964 .862 44 26.981 .68
4 5 28.952 .601 46 28.894 .625
47 28.977 .696 48 31.588 . 766
49 31.588 .804 50 31.663 .71
51 31.696 . 695 52




HARMONICS OF THE LIFT FORCE FOR ROUGH CYLINDERS
BETH = 2412
, k/D = 1/50
CL<1 ) CL<2> CL<3) CL<4) CL< 5 )
5.06 4 .094 . 153 .022 .026 .004
5.066 .074 . 192 .00 I .032 .005
6.45 .056 .442 .015 .067 .004
6. 461 .087 .043 .002 . 014 .007
6.472 .076 1.29 .05 . 196 .024
3.262 .864 1.825 . 499 .426 . 158
8.34 .867 1 .749 .532 .378 . 182
9. 046 .7 1.992 .39 .525 . 151
9.079 .753 1.995 . 403 .533 . 169
9. 557 .677 1.941 .3 76 .55 . 155
9.713 .657 1.833 .323 . 524 . 124
10. 333 .502 1.903 .279 .575 . 102
10.43 .586 1 .844 .293 .572 .098
10.913 . 419 1.554 .31 .61 .035
1 1 . 895 .352 1.764 . 161 .585 .031
13. 319 .273 1.233 .288 .669 .093
13. 341 .251 1.111 .246 .624 . 1 15
14. 123 .395 .731 .833 . 644 .2
14. 167 .2 .833 . 444 .697 . 14
14. 793 . 126 .721 .447 .606 . 104
14. 798 .37 .581 .917 .643 .233
14. 826 .096 .664 . 126 .688 . 108
15.691 .239 .554 .666 .733 .236
15. 714 .3 .535 .838 .651 .297
16.529 .439 . 171 1.208 .231 .496
16. 534 .207 .468 .504 .56 .21
17. 634 .306 .086 1.246 . 108 .72
17. 673 .284 .061 1. 163 .09 .583
18. 315 .243 . 127 1.017 . 171 .693
18. 337 .285 .065 1.099 . 178 .745
19. 66 . 131 .006 .793 .005 .644
19.66 . 107 .06 .706 .299 .603
21.039 .023 .061 .022 .049 .071
21 .05 . 16 .032 .519 . 139 .606
24. 771 . 102 .047 . 174 .072 .397
29.864 .028 . 106 .051 .26 . 127
29. 864 .022 .058 .037 . 132 .036
35. 739 . 044 .039 .097 .068 . 162
35. 739 .017 .013 .019 .095 .036
36.314 .081 .031 . 105 .018 . 182
40. 266 .017 .017 .013 .059 . 014
40. 094 .057 .025 .064 .066 .092
43. 973 .024 .04 .015 .095 .025
44. 015 . 03 .075 .055 .068 .075




HARMONICS OF THE LIFT FORCE FOR ROUGH CYLINDERS
BETA = 2412 , k/D = 1/50
K CL<1) CL(2) CL<3> CL(4) CL<
47. 197 .008 .052 .009 .057 .016
47.267 .026 .044 .03 .026 .05
47. 434 .028 .025 .023 .019 .041
49. 765 .025 .017 .062 .031 .081
52. 988 .005 .02 .027 .03 .014
53. 114 .015 .032 .033 .018 .025
53. 142 .045 .018 .021 .005 .07
57. 649 .024 .035 .01 1 .053 .01
57. 733 .016 .005 .009 .03 .014
58. 612 .002 .003 .001 .002
58. 612 .025 .022 .01 1 .01 .019
58. 752 .029 .015 .006 .034 . 006
THERE RRE 57 SINGLE POINTS IN FILES:
.
. .RRLHK. , .RRCL1
. .







HARMONICS OF THE LIFT FORCE FOR ROUGH :YLINDERS















10. 913 . 18
11.895 . 151
13. 319 . 195
13.341 . 164
14. 123 .2







16. 534 . 183
17.6 34 .04
17.673 .043








29. 364 . 138
35. 739 . 158
35. 739 .023
36. 314 . 151
40. 066 . 143
40. 094 . 158
43. 973 . 141
44. 015 .075































































































HARMONICS OF THE LIFT FORCE FOR ROUGH CYLINDERS











47.267 .023 .81 .2 .058 . 175
47.434 .838 .872 .066 . 14 .054
49. 765 .824 . 182 .007 .283 .043
52.938 .835 .811 .037 .025 .877
53. 114 .85 .854 .045 .082 .859
53. 142 .833 .834 .03 . 147 .857
57.649 .892 .029 .067 .059 .237
57.733 .854 .074 .029 .036 . 115
58.612 .881 .005 .002 .004 .813
53. 612 .872 .039 .03 .098 . 131
58. 752 .838 .006 .036 .055 .889
THERE ARE 57 SINGLE POINTS IN FILES:




HARMONICS OF THE LIFT FORCE FOR ROUGH CYLINDERS
BETA = 3598 , k/D * 1/50









































































14. 955 . 131
14. 964 .207
15.027 .637










19. 107 . 175
19. 107 .219















. 166 .426 . 113
.447 .429 . 161
.42 .387 . 181
.341 .515 . 131
.359 .533 . 134
.361 .575 . 126
.299 .574 . 132
.3 .586 . 113
.267 .585 . 104
. 102 .562 .019
.534 .624 .085
. 414 .621 .062
.74 .522 . 186
. 443 .64 . 106
.305 .613 .064
. 169 .729 .062
. 139 .507 . 114
1.442 .249 .475
.252 .475 . 146
1.214 .549 .347
1.307 .286 .428




1. 179 .24 .772
1.067 . 152 .661
1.059 .036 .631
.825 .05 .562
.942 . 152 .674
.776 .267 .546
.916 . 186 .614





HARMONICS OF THE LIFT FORCE FOR ROUGH CYLINDERS
BETA = 3598 , k/D = 1/50
CL<p CL<2> CL<a> CL< 4) CL< 5 >
22. 195 . 118 .041 . 171 . 1 .054
24.3 33 .088 .079 .23 .712 .307
24.345 .082 .068 .213 .855 .331
25.315 .018 .033 .028 .813 .069
25.015 .038 .013 .081 .863 .053
25. 129 .017 .051 .021 1.002 .026
25.209 .05 .015 .046 .83 .047
27. 54 .025 . 122 .042 .679 .05
27. 551 .042 .03 .048 .096 .055
30. 576 .094 .046 .093 .068 .65
30. 644 .062 .035 .083 .201 .64
33. 668 .067 .012 .085 .077 .563
33. 725 .03 .048 .018 .04 .037
37.842 .035 .02 .055 .049 .096
37.853 .026 .026 . 124 .045 . 145
41 . 526 .059 .049 .018 . 194 .081
41.673 .011 . 056 .045 . 117 .053
42.754 .028 .02 .026 . 117 .012
42.367 .022 .054 .02 .089 .016
46. 313 .024 .035 .018 .062 .058
46.37 .02 .077 .019 .078 .04
46.472 .003 .008 .01 .026 . 106
THERE ARE i 67 SINGLE POINTS IN FILES:
.
. .BRLHK. •BRCL1








HARMONICS OP THE LIFT FORCE FOR ROUGH CYLINDERS

































































10. 04 . 124
10.82 . 133
10.87 . 132





14. 04 . 162
14. 955 . 173
14. 964 . 103





























































































































24. 333 .476 . 167 . 186 .848 .856
24. 345 .594 . 129 .258 .829 . 1 17
25. 815 .681 . 836 .298 .827 .111
25. 815 .733 .825 .316 .818 . 184
25. 129 .787 .817 .324 .889 . 182
25. 289 .727 .826 . 324 .837 . 181
27
.
54 .744 .85 .382 .835 . 147
27 551 .85 .881 .816 .839 .834
38. 576 .845 .574 .841 .241 .814
38. 644 .276 .552 . 127 .234 .829
33. 668 . 189 .581 . 84 .288 .826
33. 725 .832 . 1 . 818 .865 .822
37. 842 .867 .238 .869 .283 .834
37. 853 .868 .345 .854 .263 .836
41 . 526 .335 .88 .521 .847 .281
41 . 673 .287 . 17 . 385 .2 .266
42. 754 .2 .893 . 398 . 126 .314
42. 867 . 135 .842 .283 .845 . 197
46. 313 . 816 . 113 . 184 . 187 . 172
46. 37 .848 .845 .35 .867 . 382
46. 472 .862 . 135 . 163 .25 . 127
THERE RRE 67 SINGLE POINTS IN FILES:
.
. .BRLHK. . .BRCL6







HARMONICS OF THE LIFT FORCE FOR ROUGH CYLINDERS
BETA = 4924 , k/D = 1/58
CL(1) CL<2) CL<3> CL<4> CL<5>
4. 335 .037 .253 .003 .045 .004
4.419 .049 .099 .006 .011 .006
5.652 .02 .655 .019 .089 .005
5.674 .071 .582 .018 .09 .012
5. 676 .042 1.891 .028 . 15 .009
6.373 . 1 1.716 .039 .297 .012
7.079 .07 1.892 . 112 .332 .Q6?
7. 917 .705 2. 142 .439 .381 . 167
3.571 .772 2.081 .471 .473 . 149
3.552 . 799 2. 174 .467 .547 . 148
9. 143 . 749 2.049 .455 .536 . 146
10. 126 .517 2.206 .344 .599 . 12
12. 1 19 .281 1.7 .432 .584 . 108
13. 172 .415 1. 1 .479 .62 .096
14.736 .284 .694 .951 .593 .317
17.419 .308 . 112 1.266 . 175 .789
13.973 .209 . 118 .945 .061 .609
21.371 . 1 .025 .635 . 108 .525
24. 146 .063 .092 .047 .807 .083
25. 804 .026 . 041 .029 . 914 . 114
27. 445 .062 .072 .004 .553 . 133
29. 959 .041 .058 .033 . 124 .031
32. 301 .056 .018 .08 .049 .679
37.262 .015 .057 .008 . 162 .067





. . . CRCL2. , . .CRCL3.
,

















4.419 .002 .001 .002 .001
5.652 .017 .003 .001 .001
5.674 .013 .003 .004 .002 .002
5.676 .02 .004 .003 .001
6.37 3 .051 .011 .014 .005 .005
7.079 .046 .029 .01 .014 .007
7. 917 .083 .059 .034 .017 .013
8. 571 . 105 .064 .035 .023 .012
8. 552 . 141 .079 .053 .034 .02
9. 143 . 13 .075 .05 .028 .017
10. 126 . 137 .062 .05 .024 .016
12. 1 19 . 158 .038 .046 .016 .012
13. 172 . 189 .015 .056 .005 .016
14. 736 . 176 .072 .077 .019 .04
17.419 . 11 .333 .057 . 123 .029
18.973 .012 .246 .023 .079 .016
21.371 .047 .207 .043 .066 .019
24. 146 .572 .01 .22 .026 .068
25.804 .763 .087 .327 .06 . 117
27.445 .601 .093 .283 .019 . 101
29. 959 .051 .267 .05 .036 .026
32.301 .087 .695 .078 .334 .045
37. 262 .344 .077 .402 .056 . 176
THERE RRE 24 SINGLE POINTS IN FILES






HARMONICS OF THE LIFT FORCE FOR ROUGH CYLINDERS
EETA = 6836 , k/D = 1/50
CL<1> CL(2) CL<3) CL<4) CL<5)
4. 042 . 1 .071 .029 .014 .002
4. 044 . 119 .038 .013 .009 .003
4. 709 . 114 . 174 .039 .034 .01
5. 416 .086 .779 .02 .093 .006
5.82 .082 1.343 .011 . 178 .006
6. 15 .078 1.661 .07 .255 .034
6.882 .661 2.093 .406 .357 . 153
7. 532 .21 2. 159 .03 . 442 .03
7.54 . 159 2.085 .084 .474 .076
7. 923 .627 2.24 .388 .438 . 157
9 . O 1 2 .708 2.06 .414 .522 . 163
9.022 .711 2.081 .38 .531 . 138
10.03 .574 2.03 .273 .548 . 133
10. 1 17 . 61 1 1.918 .275 .561 . 123
11. 138 . 132 2.035 .064 .629 .055
12.512 .067 1.742 .063 .615 .022
14. 735 .489 .563 1. 174 .611 .355
17.699 .202 .376 .864 .619 .47
19.528 . 155 .038 .871 .021 .627
21. 375 .069 . 14 . 121 .751 . 193
23.279 .015 .071 .048 .81 .064
24.294 .063 .049 . 14 . 134 .317
24. 302 .049 .266 .052 .932 . 196
24.502 .09 .023 . 19 . 13 .41
26. 931 . 135 .03 .05 .094 .391
28.977 . 105 .046 .068 .047 .335
31.633 . 119 .042 . 145 .009 .426
THERE ARE 27 SINGLE POINTS IN F I LES : . . . DRLHK . . . DRCL
1
















4. 044 .001 .002 .001 .001 .001
4. 709 .003 .005 .003 .001 .001
5. 416 .017 .004 .003 .004 .002
5.S2 .015 .004 .003 .002 .003
6. 15 .036 .013 .009 .006 .002
6.882 .061 .054 .024 .014 .009
7.532 .07 .016 .01 .008 .006
7.54 . 124 .051 .049 .024 .019
7.923 .085 .065 .032 .022 .013
9.012 . 131 .076 .048 .031 .018
9.022 . 122 .07 .046 .024 .016
10.03 . 1 19 .054 .036 .018 .012
10.117 . 121 .072 .043 .027 .015
11. 188 . 157 .033 .041 .022 .012
12. 512 . 155 .016 .049 .008 .014
14. 735 . 153 .061 .083 .017 .053
17. 699 .3 . 124 . 108 .05 .021
19.528 .002 .245 .004 .083 .007
21 . 375 .465 .099 . 146 .032 .035
23.279 .503 .032 . 186 .046 .057
24. 294 . 119 . 139 .056 .033 .03
24. 302 .718 . 139 .286 .046 .078
24. 502 . 087 . 199 .039 .049 .032
26. 931 .085 .308 .048 . 144 .029
28.977 . 166 .295 . 132 . 118 .069
31.633 .045 .466 .062 .211 .047
THERE ARE 27 SINGLE POINTS IN FILES
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